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Copper indium gallium di-selenide [Cu(In,Ga)Se2 or CIGS] solar cells are one of the most 
attractive thin-film photovoltaic (PV) technologies, due to their potential to achieve very 
high efficiencies up to 30% (theoretical limit) at low cost. The main objectives of this thesis 
were to improve the understanding of the influence of (i) various glass substrates 
containing different concentrations of sodium (Na) and (ii) the molybdenum (Mo) rear 
contact on the performance of CIGS/CdS heterojunction thin-film solar cells, and to modify 
the Mo rear electrode design to improve the performance of the devices. The effects of 
sodium incorporation into the CIGS absorber layer and the formation of an intermediate 
MoSe2 layer between the rear contact and the absorber layer were also to be investigated. 
First, room-temperature DC magnetron sputter-deposited Mo films were investigated 
systematically by optimising the deposition parameters, such as sputter power and working 
gas pressure. The influences of sputter power and working gas pressure on the growth rate, 
uniformity, density, roughness, adhesion, and optical, electrical and morphological proper-
ties of Mo films were determined. A trade-off between the resistivity and adhesion was 
found to be necessary to obtain durable Mo films.  
Second, to overcome this limitation, bilayer Mo stacks with different thickness ratios of 
the bottom Mo layer deposited at high pressure (6.0×10-3 mbar; to improve the adhesion) 
and the top Mo layer deposited at low pressure (1.5×10-3 mbar; to improve  the electrical 
conductance) were investigated. We found that the thickness of the bottom Mo layer plays 
an important role for the micromechanical and physical properties of the bilayer stack. 
Third, modified Mo rear contacts with an alkali diffusion barrier layer were developed, by 
utilizing a thin layer consisting of either titanium nitride (TiN) or silicon nitride (SiN). The 
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deposition conditions of the TiN and SiN barrier layers formed by reactive magnetron 
sputtering were optimized. We found that the crystallinity, surface morphology, electrical 
properties and adhesion of Mo films were all improved by the insertion of a TiN or SiN 
barrier layer. 
Finally, three types of glass substrates containing different concentrations of sodium and 
five types of rear contacts (bilayer Mo, TiN/Mo, SiN/Mo, TiN/MoNa, and SiN/MoNa) 
deposited on soda-lime glass (SLG) were utilised as substrates for solar cell fabrication. 
The morphological, electrical, structural and compositional properties of the CIGS 
absorbers as well as the solar cell performances were investigated. The formation and 
growth of the MoSe2 layer was observed to depend on both the Na diffusion and the Se 
content in the absorber, which in turn depend on the rear contact structure and the high-
temperature selenisation process. Introduction of a thin TiN layer into the stack helped to 
suppress Na diffusion from the SLG substrate into the CIGS absorber, leading to improve-
ments of the crystallinity of the CIGS absorber, its lateral uniformity, the solar cell 
efficiency, and the long-term stability of the device. A significant improvement of the solar 
cell efficiency from 8.6% using a bilayer Mo rear contact up to 11.1% using the modified 
Mo rear contact with a TiN barrier layer was achieved. From these results it seems that the 
modified rear contact structure developed in this thesis has potential for fabricating high-
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Chapter 1 Introduction 
1.1 Overview of today’s solar cell technology 
Due to rapid industrial development and population growth, mankind’s energy consump-
tion is increasing rapidly. It is predicted that it will increase by about 1.5% per year from 
2010 to 2030, as shown in Fig. 1.1 [1, 2]. Mankind’s energy demand is estimated to be 30 
Terawatt (TW) in 2050 and 46 TW in 2100. 
 
Fig. 1.1. Estimation of global energy consumption, 1980–2030 (quadrillion British 
Thermal Units). 
Since the fossil fuel resources are diminishing, and also due to drastic changes in global 
environmental conditions, there is an urgent need to find alternative energy sources. Hence, 
research is taking place globally in search of alternative renewable energy sources, such as 
biomass, wind, solar, hydropower, and geothermal. Among these, photovoltaic (PV) 
technology is regarded as one of the most suitable renewable sources. In the past 40 years 
several PV technologies have emerged that have been able to constantly improve their PV 








































































Average annual increase = 1.5%
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demonstrating their potential as a cost-effective future energy source. The annual ship-
ments of PV modules have been increasing significantly in the past 15 years, as shown in 
Fig. 1.2 [1]. In 2015, about 61400 MW of PV modules were sold globally [1]. 
 
Fig. 1.2. The annual market of PV modules (shipments). 
A clear evaluation and calculation of the cost of the electricity produced by different energy 
generation technologies is paramount in determining energy management policies. The 
levelized cost of electricity (LCOE) is the most widely used method to compare the cost of 
different electricity generation technologies. The installed system price and associated 
costs such as financing, land, insurance, transmission, operation, maintenance, and 
depreciation, among other expenses are taken into consideration in LCOE. The LCOE can 
be calculated as follows [3]: 
LCOE =
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑐𝑜𝑠𝑡
𝑆𝑦𝑠𝑡𝑒𝑚 𝐿𝑖𝑓𝑡𝑖𝑚𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐻𝑎𝑟𝑣𝑒𝑠𝑡

























































Annual market share of PV modules
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The minimum LCOE of several PV technologies is now competitive with the LCOE of 
conventional power generation technologies, as shown in Fig. 1.3 [4]. Compared to 2009, 
the PV module prices had been reduced massively (by up to 75%) by the end of 2014. In 
parallel, the LCOE of PV technologies has fallen by about 50% during these five years. 
From Fig. 1.3, it can be seen that the LCOE of CIGS PV is simlar to that of the market-
dominating c-Si based PV technology, and lower than that of fossil fuel based energy 
sources, indicating its great potential in the future electricity market. 
 
Fig. 1.3. Levelised cost of electricity (LCOE, in Euro cent per kWh) for different 
technologies, in calendar year 2014. 
Table 1.1 summarises the record efficiencies and production statuses of various PV 
technologies [5-7]. Today 80–90% of the solar cell market is dominated by wafer based 
crystalline silicon (c-Si) materials, and c-Si is a robust and proven PV module technology 
[8]. The PV efficiency of thin-film CIGS solar cells in the lab scale (cell size ~0.5 cm2; 
efficiency 22.8%) is higher than that of the market dominating multicrystalline silicon 
(multi-Si) wafer technology, and also higher than that of the commercially most successful 






















































the only true volume producer of CIGS PV modules. In 2015 the company has started their 
4th plant with production capacity of 150 MW/a in Miyagi, Japan, bringing their total 
module production capacity to 1 GW/a. Thin-film PV technologies possess a number of 
advantages over the silicon wafer based technologies, for example the low cost of the raw 
materials and the simplicity of the manufacturing methods. Moreover, light-weight flexible 
substrates can be used, which enables the cost-effective roll-to-roll manufacturing of thin-
film PV modules and also opens up new applications, including space applications. A 
particular advantage of CIGS is its very high optical absorption coefficient over much of 
the solar spectrum, enabling very thin absorber layers (< 3 m) without the need for com-
plex light trapping schemes. Furthermore, CIGS solar cells have a high efficiency and a 
good long-term stability. However, there still remain several disadvantages such as 
relatively low PV module efficiency (15% in commercial production), the toxicity of the 
heavy metal cadmium used in the buffer layer to form the heterojunction, and the avail-
ability of the rare materials In and Ga, which might limit its large-scale deployment. 
Table 1.1. Comparison of different solar cell technologies [5-7]. 














Multi-Si 21.2% 19.2% 
The market dominant technology and its 
market share is quite stable. 
Mono-Si 25.6% 22.8% 
The second largest market share, but 












The market share of a-Si PV technologies 
is declining. Micromorph tandem cells are 
no longer produced. 
CdTe 22.1% 18.6% 
First solar has announced to expand their 
actual production capacity to 2.5 GW/a in 
2015. 
CIGS-based 22.8% 17.5% 
Solar Frontier started their 4th plant of 150 
MW/a in Miyagi, Japan in 2015, achieved 




1.2 Thin films Cu(In,Ga)Se2 solar cells 
Copper indium gallium diselenide (CIGS) thin-film solar cells exhibit excellent PV 
efficiency up to 22.8% [9, 10]. CIGS solar cells are mostly made in the substrate 
configuration, using a molybdenum (Mo) coated glass pane as the substrate material, as 
shown in Fig. 1.4. 
 
Fig. 1.4. Cross-sectional schematic of a typical CIGS solar cell architecture prepared in 
the substrate configuration. 
The CIGS absorber can be formed either by depositing the entire CIGS film via co-
evaporation or via a sequential process consisting of the deposition of a Cu-Ga-In metallic 
multilayer precursor on the Mo substrate by magnetron sputtering and subsequent 
annealing at a high temperature in a Se-containing environment.  In the next step, the 
heterojunction is usually formed by a wet-chemically deposited cadmium sulfide (CdS) 
buffer layer. Finally, an aluminium-doped zinc oxide (AZO) front contact is deposited by 
magnetron sputtering [11]. The main advantages of CIGS solar cells are their potentially 
low cost and high efficiency [11, 12]. An optional diffusion barrier layer can be introduced 
between the rear contact and the CIGS absorber to control the sodium diffusion from the 
glass substrate. Apart from rigid glass substrates, flexible substrates such as stainless steel 
or plastic foils can also be used to deposit CIGS, which makes CIGS more attractive for 
BIPV and other applications. A thin MoSe2 layer is usually formed during the high-
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temperature selenization process to form CIGS, which is critical to the contact resistance 
between the Mo rear contact and the CIGS layer.  
In the past decade, as shown in Fig. 1.5, great progress has been made with the CIGS thin-
film PV technology, both in the lab and in the factories. The globally leading institutes are 
the National Renewable Energy Laboratory (NREL) in USA, the Swiss Federal 
Laboratories for Materials Science and Technology (EMPA) in Switzerland, and the Centre 
for Solar Energy and Hydrogen Research Baden-Württemberg (ZSW) in  Germany, while 
Solar Frontier from Japan is the present holder of the world record cell efficiency and the 
only true volume producer of CIGS PV modules.  
 
Fig. 1.5. Development of CIGS PV record efficiencies over the past ten years and the 
projection until 2019 [4]. 
The recent progress in CIGS PV is attributed to the advanced absorber fabrication process 
including a graded Ga/(Ga+In) composition ratio throughout the absorber layer and surface 
engineering by post-deposition treatment of alkali elements and surface sulfurization, 
which can incorporate surface bandgap widening to suppress the interface recombination 
and increase the open-circuit voltage and enhance the current collection. In 2015, the 

































































European Union launched a €6.2 M project to conduct industrially relevant CIGS R&D in 
Europe [13]. It is estimated that the CIGS cell and PV module efficiencies will further 
increase to up to 25% and 18%, respectively, by the end of this decade. 
1.3 Motivation and significance 
Although the efficiencies of CIGS solar cells have recently been improved both in 
laboratories and in factories, there remain several unknown issues and challenges which 
make this technology quite sophisticated. Hence, it is still difficult for new entrants to start 
new factories for CIGS PV module production.  With respect to the rear contact of CIGS 
cells, there remain a lot of opportunities for developments and to boost the efficiency of 
CIGS cells close to 25%. In the past 30 years, great efforts have been made on the rear 
contacts of CIGS cells to improve their efficiency, including the choice of materials, alkali 
element incorporation, formation of low contact resistance with the p-type CIGS absorber 
layer and reducing the recombination at the rear contact/absorber interface. The most 
intensely studied rear contact material in chalcopyrite solar cells is molybdenum (Mo). 
This is due to its low resistivity and stability against the high temperatures (~ 550 to 600 °C) 
used during the absorber growth process. Primary functions of the Mo layer are to provide 
a low-resistance rear contact and, in the case of Na-containing substrates, an adequate Na 
supply for the growing absorber. Moreover, it has been  proven that the formation of MoSe2 
is crucial for high efficiency of CIGS solar cells. However, there still remain several 
challenges related to the Mo rear contact that need to be addressed. 
(1) Adhesion of the rear contact to the substrate and the subsequently deposited CIGS layer 
to the rear contact. DC sputter-deposited Mo thin films exhibit a correlation between 
the sputtering gas pressure and the sputter deposited residual stresses. Earlier studies 
have shown that films deposited at a high power and a low argon pressure are generally 
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found to be in a compressive stress state, while those deposited with a low power and 
high pressure are found to be in a tensile stress state [14]. In particular, the intrinsic 
stress of the Mo layer needs to be minimized during the deposition process. The most 
common way to obtain a Mo rear contact with both low resistivity and good adhesion 
is to fabricate a Mo bilayer: a thin layer of “high pressure” deposited Mo to serve as 
an adhesion enhancement layer, followed by the deposition of a “low-pressure” 
deposited Mo layer to achieve low sheet resistance [14]. 
(2) Controllable alkali metal incorporation into the CIGS layer. Although there is still no 
clear understanding on the exact role and chemical environment of alkali doping, 
several groups have demonstrated that CIGS devices can benefit from optimized alkali 
element doping in several aspects: increased p-type resistivity of the CIGS layer, 
increased fill factor (FF) and open-circuit voltage (Voc), and reduction of recom-
bination losses in the CIGS absorber [15-20]. However, alkali element doping concen-
tration should be kept below 0.1 at. % in the CIGS absorber [17, 21, 22]. An excessive 
supply of alkali elements has a negative impact on the efficiency and the long-term 
stability of CIGS solar cells, and may also cause potential induced degradation (PID) 
in PV systems [23-26]. There are several strategies for incorporating alkali elements 
into CIGS solar cells. Each method has its merits and demerits. The most widely 
practiced method is utilizing internal sodium (Na) source diffusion from the soda-lime 
glass (SLG) substrate through the molybdenum (Mo) rear contact, which is the most 
economic and easiest strategy. However, it is difficult to accurately control the Na 
diffusion from the SLG substrate to CIGS. The amount of Na in the SLG substrates 
not only varies from batch to batch, but also is non-uniformly distributed within each 
substrate [27]. In addition, the Na diffusion process strongly depends on the micro-
structure of the Mo layer. 
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(3) Ohmic contact between the CIGS layer and the rear contact. It is known that a 0.8 eV 
Schottky barrier height exists between the Mo metal and the p-CIGS layer, which will 
reduce the device efficiency when Mo is used as the rear contact [28]. Fortunately, the 
natural formation of a thin MoSe2 layer between Mo and CIGS layer during the 
absorber formation process modifies the interface properties and thereby helps the 
formation of an ohmic contact [29]. However, the thickness of the interfacial MoSe2 
layer should not exceed a few tens of nanometres to ensure a low contact resistance 
[30]. The resistivity of MoSe2 is reported to be ~1000 times higher than that of Mo 
[31]. The MoSe2 layer also plays a critical role in retaining the adhesion of the CIGS 
film to the Mo substrate. The growth and microstructure of the MoSe2 layer are related 
to the microstructure of the Mo rear contact, the absorber formation process, and also 
the Na diffusion from the SLG substrate through the Mo rear contact [28-30, 32, 33]. 
1.4 Organization of this thesis 
The main objectives  of this research work are (i) to improve the understanding of the 
influence of various types of glass substrates and Mo rear contacts on the performance of 
chalcopyrite CIGS/CdS heterojunction thin-film solar cells, and (ii) to modify the Mo rear 
electrode design to improve the performance of the devices. To achieve these goals, 
deepening the knowledge to understand the effects of Na incorporation in CIGS absorber 
layer and the thickness of MoSe2 layer formed between the rear contact and absorber are 
investigated. The thesis is organized as follows: 
Chapter 1 describes the status of current power generation technologies and compares 
their merits and demerits with PV technologies. The efficiency development and projection 
of the CIGS thin-film PV technology are discussed. The main issues in CIGS solar cells 
related to the rear contact are also briefly outlined. 
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Chapter 2 introduces the operation principle and fabrication process of chalcopyrite thin-
film solar cells. The crystallographic structure and bandgap variation due to compositional 
changes in CIGS solar cells are discussed in detail. The requirements for the rear contact 
used in CIGS solar cells, advantages of Mo rear contacts, alternative rear contact materials 
and alkali element incorporation strategies in CIGS solar cells are discussed. 
Chapter 3 provides information on the fabrication and characterisation techniques used in 
this thesis for CIGS solar cells. The focus is on the fabrication and characterization of DC 
magnetron sputtered rear contacts. 
Chapter 4 explores the effects of the Mo deposition process parameters on the properties 
of Mo films. Both the power applied to the Mo target and the deposition pressure are found 
to strongly influence the properties of the Mo films, especially the adhesion of the Mo to 
the glass substrate. In order to improve the adhesion, a bilayer Mo rear contact stack design 
is investigated. Using this design, rear contact stacks with good adhesion as well as low 
sheet resistance are achieved. 
Chapter 5 describes the development of advanced Mo rear contacts with a TiN or SiN 
barrier layer. These barrier layers suppress the Na diffusion from the glass substrate into 
the CIGS absorber, and also help to improve the properties of the subsequently deposited 
Mo films. Sodium doped Mo (Mo:Na) films are also studied as an extrinsic Na source to 
understand the Na incorporation into the CIGS absorber layer. 
Chapter 6 summarises the PV efficiency and other properties of CIGS solar cells fabri-
cated on glass substrates having various Na concentrations and with different rear contact 
designs: bilayer Mo, TiN/Mo, SiN/Mo, TiN/Mo/Mo:Na and SiN/Mo/Mo:Na. Various 
properties (morphology, electrical resistivity, crystallinity and chemical composition) of 
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the CIGS absorber as well as the efficiency of the solar cells are investigated with respect 
to Na diffusion. 
Chapter 7 presents the main findings of this research work and concludes by suggesting 
some future work to improve the efficiency of the investigated CIGS solar cells. 
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Chapter 2 Background and literature review 
2.1 Cu(In,Ga)Se2 thin-film solar cells 
2.1.1 Crystallography of chalcopyrites  
The name “chalcopyrite” originally comes from the mineral CuFeS2. CuInSe2, CuInS2, and 
other CuBIIICVI2 compounds generally crystallize in the tetragonal chalcopyrite-type 
structure shown in Fig. 2.1 [34, 35]. In the chalcopyrite structure, each atom from group I 
(Cu) or group III (In) is tetrahedrally coordinated with four group VI atoms (Se), while 
each Se atom is coordinated with two Cu and two In atoms. Hence, the unit cell contains 8 
atoms. The ratio of the lattice constants c/a is in general different from the ideal value of 2 
because of the different strengths of the I-VI and III-VI bonds. CuInSe2 and CuGaSe2 can 
be alloyed in any ratio to form CuIn1-xGaxSe2. Sulphur can also be introduced into the alloy 
to form penternary Cux(In(1−X)Ga(X))(SYS(1−Y))2 chalcopyrites, which are promising absorber 
materials for high-efficiency thin-film solar cells. 
 
Fig. 2.1. The unit cell of the chalcopyrite lattice structure. 
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2.1.2 Composition and optical bandgap of chalcopyrites 
The optical bandgap (Eg) of CIGS chalcopyrites is tunable by adjusting the In and Ga 
composition, which can be varied from 1.0 eV (CuInSe2) to 2.43 eV (CuGaS2) as shown in 
Table 2.1 [36]. The optical bandgap Eg of the penternary Cu(In(1−X)Ga(X))(SYS(1−Y))2 chalco-
pyrites can be calculated using the linear approximation model [36]: 
𝐸𝑔
𝐶𝐼𝐺𝑆𝑆𝑒(𝑋, 𝑌) = (1 − 𝑌)[(1 − 𝑋)𝐸𝑔
CISSe(𝑌) + 𝑋𝐸𝑔
CGSSe(𝑌) − 𝑏CIGSe𝑋(1 − 𝑋)] +
       𝑌[(1 − 𝑋)𝐸𝑔
CISSe(𝑌) + 𝑋𝐸𝑔
𝐶𝐺𝑆𝑆𝑒(𝑌) − 𝑏CIGS𝑋(1 − 𝑋)]                              (2.1) 
where b is the optical bowing constants for the quaternary chalcopyrites compiled in Table 
2.1. Using the bandgap of the optical bowing constants and the bandgaps of CIS, CISe, 
CGS and CGSe as shown in Table 2.1, Eq. 2.1 can be simplified to: 
𝐸𝑔
𝐶𝐼𝐺𝑆𝑆𝑒(𝑋, 𝑌) = (1 + 0.13𝑋2 + 0.08𝑋2𝑌 + 0.13𝑋𝑌 + 0.55𝑋 + 0.54𝑌) 𝑒𝑉            (2.2) 
Table 2.1. Experimentally determined mean values of the optical bowing constants b of 








X=0, 0≤Y≤ 1: CuIn(SYS(1−Y))2 
(CISSe) 
~0 X=0, Y=0: CuInSe2 (CISe) 1.00 5.77 
X=1, 0≤Y≤ 1: CuGa(SYS(1−Y))2 
(CGSSe) 
~0 X=0, Y=1: CuInS2 (CIS) 1.54 4.75 
0≤X≤ 1, Y=0: 
Cux(In(1−X)Ga(X))Se2 (CIGSe) 
~0.31 
X=1, Y=0: CuGaSe2 
(CGSe) 
1.68 5.56 
0≤X≤ 1, Y=1,: 
Cux(In(1−X)Ga(X))S2 (CIGS) 
~0.21 X=1, Y=1: CuGaS2 (CGS) 2.43 4.35 
 
 
The bandgap of the complete chalcopyrite system for x and y varying independently 
from 0 to 1 are shown in Fig. 2.2. Although the bandgap of the chalcopyrite system can 
be tuned from 1.0 to 2.43 eV, the bandgap of the best CIGS solar cells fabricated as yet 
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is reported to be in the range of 1.1 to 1.2 eV, which is far below the value of 1.45 eV 
that provides the best match to the AM1.5G solar spectrum. However, the most 
challenging point when preparing wide-bandgap chalcopyrites is the inhomogeneity 
issue. Due to inhomogeneity issues, wide-gap CIGS materials suffer from significant 
bulk recombination and unexpected surface band alignment issues. 
 
Fig. 2.2. Optical bandgap energies Eg of the complete Cu(In(1−X)Ga(X))(SYS(1−Y))2 
chalcopyrite system for 0≤X≤ 1and 0≤Y≤ 1 as determined by Eq. 2.2.  
2.1.3 Operation principle of CIGS/CdS heterojunction solar cell 
The operation principle of CIGS solar cells is based on a heterojunction formed by the 
p-type CIGS absorber layer and the n-type buffer layer, which results in the bending of the 
valence and conductance bands of the absorber and the buffer [37]. The rear and front 
contacts are metal and TCO, respectively. The latter consists of a highly resistive intrinsic 
layer below a highly conductive Al-doped ZnO layer. The schematic band structure of a 
CIGS/CdS heterojunction solar cell as simulated with the SCAPS (Solar Cell Capacitance 
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Simulator) programme is shown in Fig. 2.3 [38, 39]. The most important quantity to be 
considered in the band diagram is the band alignment between the heterojunction partners. 
A flat or spike-like conduction band alignment (the conduction band of buffer is higher in 
energy axis than absorber at the interface) at the buffer/absorber interface as shown in Fig. 
2.3 leads to high cell efficiency, while a cliff-like conduction band offset leads to a less 
efficient solar cell device. 
 
Fig. 2.3. Schematic band diagram of a CIGS solar cell at zero applied voltage. The 
conduction band energy EC, valence band energy EV, Fermi level EF, space charge region 
(SCR), and quasi-neutral region (QNR) are also shown. Recombination paths in a 
CIGS/CdS heterojunction solar cell: (A) recombination path at CIGS/CdS interface; (B) 
recombination path in SCR, (C) recombination path in QNR, and (D) recombination path 
at CIGS/Mo interface. 
The performance of the CIGS solar cell is significantly affected by several recombination 
paths for the photo-generated excess carriers. There are four important recombination paths 
in CIGS solar cells as shown in Fig. 2.3: (A) recombination at the absorber/buffer interface; 
(B) recombination in the space-charge region; (C) recombination in the neutral bulk; and 
(D) recombination at the back surface of the CIGS absorber. Recombination losses in the 
window layer are negligible due to its large bandgap. It is believed that bulk recombination 
in the absorber (recombination paths B and C) is the dominant loss mechanism in CIGS 
solar cells. However, for wide-bandgap absorbers, the dominant recombination path occurs 
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at the absorber/buffer interface [40, 41], due to a cliff-like CIGS/CdS conductance band 
alignment (as in Fig. 2.3).   
Rear surface recombination becomes significant for thin absorber layers and large minority 
carrier diffusion lengths (i.e., larger than the thickness of the quasi-neutral region). In 
addition, the Fermi level alignment between the rear contact and the p-CIGS absorber is of 
great importance. The contact between these two layers can be either an ohmic contact or 
a rectifying Schottky contact, depending on the difference between the work function of 
the rear contact ΦM and the work function of the p-CIGS absorber ΦCIGS . Standard theory 
[42, 43] predicts: 
𝜙𝑏 = (𝜒𝐶𝐼𝐺𝑆 + 𝐸𝑔,𝐶𝐼𝐺𝑆) − 𝜙𝑀                                               (2.3) 
where Φb is the contact barrier height, χCIGS is the electron affinity of the p-CIGS absorber, 
and Eg,CIGS is the bandgap of the p-CIGS absorber. A high barrier height at the cell’s rear 
impedes the hole transport and collection, and thus affects the current-voltage curve of the 
device. A simulation study reported by T. Dullweber et al. showed that the rear contact 
barrier height in CIGS solar cells should not exceed 0.3 eV [44]. Thus, a rear contact metal 
with a high work function is required to reduce back surface losses. Given that the work 
function of the CIGS absorber is 5.1 eV, there are a few metals with such a high work 
function that they can form an ohmic contact with CIGS. Since the work function of Mo 
films is about 4.9 eV [42, 45], there exists a Schottky barrier between the Mo rear contact 
and the p-CIGS layer, which degrades the performance of CIGS solar cells. Fortunately, a 
thin MoSe2 layer automatically forms at the interface during the high-temperature absorber 
formation process, leading to a low-resistance ohmic contact due to its small conduction 
band offset with respect to the Cu(In,Ga)Se2 bulk material and a small Schottky barrier at 
the Mo back contact. However, the thickness and microstructure of this interfacial layer 
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have a strong influence on the contact and interface properties of Glass/Mo/MoSe2/CIGS 
samples. The situation is complicated by the fact that the MoSe2 thickness and micro-
structure depend on the properties of the Mo rear contact and the temperature and duration 
of the CIGS formation process. 
2.1.4 CIGS absorber formation methods 
Numerous absorber formation processes have been developed to prepare CIGS thin films, 
in the laboratory as well as on the industrial scale. The CIGS absorber formation methods 
can be generalized into two major groups [39, 46]. The first is the so-called one-step 
co-evaporation process of multisource elemental deposition, while the second is the two-
step process in which Cu, In and Ga stacked metal layers are treated at high temperature 
( 500 to 600 C) in a selenium/sulphur containing atmosphere to form the CIGS absorber. 
The two-step process has many variations, both for the precursor deposition and the 
selenisation/ sulphurisation step. The most widely used two-step process is the selenisation/ 
sulphurisation of a sputter-deposited Cu-In-Ga metal precursor. There are also non-vacuum 
techniques available for Cu-In-Ga precursor deposition, such as spray pyrolysis, electro-
deposition of compound layers and paste coating, and electro-deposition of metal layers 
[47-50]. Although the non-vacuum technologies are simple and of low cost, the vacuum 
technologies are more promising for commercial applications and producing modules in 
large scale, owing to their high throughput with high yield and reproducibility and good 
compositional uniformity over large areas. For these reasons, only the 1-step 
co-evaporation process and the 2-step selenisation/sulphurisation process of a sputter-
deposited metal precursor will be discussed in the following section. 
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2.1.4.1 Co-evaporation process 
 CIGS absorber formation by co-evaporation was originally developed by Boeing [51] and 
then modified and improved by NREL, USA [52]. The highest efficiency of CIGS cells 
made by co-evaporation is presently 22.6% [10, 53], reported by ZSW, Germany. By 
cooperation with the ZSW, Manz in Germany has achieved efficiency of ~ 15% in 
industrially produced large area thin-film solar module [54]. In order to obtain a high-
quality CIGS absorber, the co-evaporation process requires the simultaneous and 
homogeneous thermal evaporation of the elements Cu, In, Ga and Se in the proper ratios. 
Figure 2.4 illustrates a typical set-up used for the deposition of Cu(In,Ga)Se2 films by co-
evaporation in a high-vacuum chamber. The Cu, In, Ga and Se elements are deposited by 
physical vapour deposition on a heated substrate to form a CIGS film. A high substrate 
temperature of around 550 °C during the entire deposition process is required to enable a 
good crystallisation and grain growth. The deposition rates of individual elements are 
controlled by adjusting the evaporation sources and also monitored by a mass spectrometer. 
In this method, the CIGS growth rate (20 to 200 nm/min) and the elemental composition 
can be controlled by adjusting the effusion rates of the sources. 
 
Fig. 2.4.  Schematic of Cu(In,Ga)Se2 films deposition by multisource elemental co-
evaporation on a heated substrate. The deposition rates of the sources are controlled by in-
situ mass spectrometry. 
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Different deposition approaches such as deposition rates and sequences of the elements 
have been developed to fabricate high-efficiency CIGS solar cells. The most successful 
one is the so-called three-stage process, which is schematically sketched in Fig. 2.5. In the 
first and third stages of this process, In and Ga are evaporated in the presence of excess Se 
to form a Cu-deficient composition on the front and back surfaces of the absorber; in 
contrast, during the second stage, excess Cu and Se are delivered to achieve a Cu-rich 
composition. This process naturally leads to a high Ga/(Ga+In) ratio towards the back and 
front surfaces of the CIGS absorber, and thus resulting in a wide bandgap towards the back 
and front surfaces according to Eq. 2.2, which is known as bandgap grading. Bandgap 
grading in the absorber has been found to be beneficial for the device performance [23, 44]. 
 
Fig. 2.5. Schematic deposition rates of the elements Cu, Ga, In and Se and the substrate 
temperature profiles for three-stage co-evaporation process. 
2.1.4.2 Two-step or sequential process  
The two-step process was originally developed by ARCO Solar, Inc. in 1981 [55, 56]. In 
this method, the first step was the preparation of stacked precursors by electro-deposition 
of Cu and In, and then vacuum evaporation of Se on top of the metal layer. The second 
step was annealing of the precursor in an N2 gas atmosphere. ARCO Solar and its 
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successors have modified this process and achieved substantial progress with this CIGS 
absorber formation process, leading to the record cell efficiency of 22.8% recently reported 
by Solar Frontier [9, 10]. 
In the two-stage process, the surface morphology, composition, uniformity and density of 
the metallic precursor have significant influences on the properties of the subsequently 
formed CIGS film. The selenisation/sulphurisation kinetics and chalcopyrite formation 
strongly depend on the properties of the metallic precursor. For example, an indium-rich 
phase at the surface of the metallic precursor will lead to poor surface uniformity in the 
absorber during the selenisation process, affecting the reproducibility of the process [37, 
46, 57]. A homogeneous and smooth metallic precursor is of great importance for the 
preparation of high-efficiency CIGS solar cells by this method. 
 
Fig. 2.6. Substrate temperature profiles for two-step process by selenisation/ sulphurisation 
of a sputtered metallic precursor. 
The selenisation/sulphurisation is carried out by rapid thermal processing (RTP) in a 
furnace, using a diluted Se/S atmosphere. Diluted H2Se and H2S gas or thermally 
evaporated Se and S are most commonly used as Se and S sources. A very thin Se layer 
(optional) can also be deposited on top of the metallic precursor before RTP, which helps 
to reduce the selenisation time. During RTP, the substrate is normally heated at a high rate 
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of about 30 °C /s. The sequential processes may need two or three stages to complete the 
absorber formation. The Se/S source flow and temperature are critical for the growth of the 
CIGS film. It is also often recommended to have a S-rich surface, which can enhance the 
bandgap at the front surface and reduce surface recombination losses as shown in Fig. 2.3. 
The high-temperature absorber formation process can be completed in less than 10 minutes 
and produces absorber layers of similar electronic quality as those made by co-evaporation. 
Compared with the thickness of the metallic precursor layer, the final thickness of the 
fabricated CIGS film is about three times larger [37]. 
 
The two-step absorber formation process by selenisation/sulphurisation of a sputtered 
precursor has many advantages over the one-step co-evaporation process: (a) It uses less 
raw materials. The Se consumption during RTP is only 1/40 of that of the co-evaporation 
process. In addition, magnetron sputtering is a well-established method to deposit thin 
metallic precursors and enables to produce thin absorbers. Normally, the thickness of 
absorbers formed by RTP is close to 2 µm, while the thickness of the co-evaporated 
absorbers is about 3 µm [46]. Recycling of unused materials of the sputtering target can 
also save raw materials and thus reduce the cost. (b) It is possible to enable large-area 
fabrication with controllable overall composition, good uniformity and reproducibility. 
However, compared to the co-evaporation process, in the two stage process it is difficult 
to control the compositional distribution throughout the ﬁlm. 
2.2 Importance of rear contact requirements for Cu(In,Ga)Se2 solar cells 
2.2.1 Basic requirements for the rear contact 
The primary function of the rear contact is to provide a low-resistance contact for the solar 
cell. For any materials to be used as a rear contact in CIGS solar cells, they must satisfy 
the following requirements [37, 39, 58-60]: 
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1) Low sheet resistance below 1.0 Ohm/sq. to provide good electrical conductance; 
2) A certain inertness to resist the highly corrosive Se process atmosphere during the 
CIGS absorber formation; 
3) Low-resistance ohmic contact with the CIGS layer. Hence, the work function of 
the metallic rear contact should be higher than that of the p-CIGS layer;  
4) A low recombination rate at the rear contact/CIGS interface; 
5) A high optical reflectance; 
6) Good adhesion to the substrate. 
2.2.2 Properties of the Mo rear contact 
Mo is the most commonly used material for rear contact applications in chalcopyrite solar 
cells. Mo can withstand high-temperature processes up to 650 °C and is corrosion-resistant 
during the high-temperature selenisation process [15]. Moreover, during CIGS solar cell 
fabrication, owing to the columnar structure of Mo grains, Na atoms can diffuse from the 
soda-lime glass substrate into the CIGS absorber layer through grain boundaries of the 
columnar structures, which is beneficial for the CIGS solar cell fabrication (see Section 
2.2.4). Mo also forms favourable selenium compounds such as MoSe2 at the Mo/CIGS 
interface, which ensures a better ohmic contact and improves the minority carrier collection. 
 
Fig. 2.7. Lattice structure of molybdenum in BCC structure arrangement. 
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The lattice structure of molybdenum is a body-centred cubic (BCC) crystal structure as 
illustrated in Fig. 2.7. In the BCC structure, the atoms are arranged at the corners of the 
cube with a body-centred unit cell at the centre of the cube. 
Table 2.2. Molybdenum properties [61, 62]. 
Properties Description 
Overview  
Appearance Silver-white hard metal or grey-black powder 
State at room temperature Solid 
Atomic structure  
Atomic radius 1.36 Å 
Molar volume 9.38 cm3/mol at 298 K 
Covalent radius 1.3 Å 
Ionic radius 0.92 Å (trivalent) 
Lattice constant 3.1470 Å 
Lattice structure Body-centred cubic (BCC) 
Chemical properties  
Electron affinity 0.7472 ± 0.0002 eV 
Electron work function 4.6 eV 
Electronegativity (Pauling scale) 2.16 
Heat of fusion 32 kJ/mol 
Cohesive energy 658 kJ/mol, 6.82 eV/atom 
Physical properties  
Relative atomic mass 95.95 
Density 10.2 g/cm3 at 25 °C 
Melting point 2895 K 
Boiling point 4912.15 K 
Coefficient of thermal expansion 4.8×10-6 /K at 25 °C 
Thermal conductivity 138 W/m.K at 300 K 
Electrical resistivity 5.52×10-8 Ohm-m at 300 K 
 
 
Molybdenum also has a relatively low thermal expansion coefficient, and a thermal 
conductivity that is twice that of iron [63]. However, when molybdenum is heated to above 
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760 °C, it forms an oxide that sublimes, exposing the metal underneath to the hot 
environment. Hence it is common practice to use the magnetron sputtering method to 
deposit Mo thin films onto the SLG substrate at room temperature conditions. The 
properties of molybdenum are listed in Table 2.2 [61, 62]. 
2.2.3 Alternative rear contacts  
Although molybdenum satisfies most of the requirements discussed above for rear contact 
applications in CIGS solar cell, and up to now the CIGS solar cells grown on Mo rear 
contact have shown the best efficiency. Motivations still exist for finding alternatives to 
Mo rear contact. The first is to overcome the disadvantages of Mo such as low optical 
reflectance (visible reflection less than 55%), inadequate thermal expansion coefficient for 
CIGS and most of the substrates (flexible polymer and stainless steel foils, etc.), and 
reduced performance stability due to easy oxidation in air [64]. In addition, alternative rear 
contacts could offer several advantages: enhancement of the device stability, better thermal 
expansion match of the different layers, reduction of materials and processing costs, 
offering multi-functionality, higher reflection for thinner absorbers, or a transparent 
conducting rear contact (which could be useful for tandem or bifacial solar cells in order 
to better utilise the solar spectrum). In the literature, there are four types of alternative rear 
electrode materials that have been studied: metal, sodium-doped molybdenum (Mo:Na), 
transparent conducting oxides (TCOs), and nitrides (see Table 2.3). 
Metallic rear contact: For rear contact applications, a range of transition and noble metals 
including Cu [65], Ti [66], Ni [65], Al [67], Ag [65] and Au [68, 69] have been investigated. 
The Cu-based contacts have low-cost potential and can reach low sheet resistance of 0.2 
Ω/sq. at ~200 nm stack thickness. However, an adhesion enhancement layer is required 
and the Cu diffusion is also a critical problem to be solved. Other transition metals like Ti, 
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V, Cr and Mn are known to react with Se during the high-temperature CIGS absorber 
formation step, and thus affect the CIGS absorber quality [66]. Ag-based rear contacts have 
low resistance and high reflectance, but cannot withstand the aggressive CIGS growth 
conditions. Nobel metals, such as Au, Pt and Pd, are found to form a low-resistance contact 
with p-CIGS absorber layers, but they are too expensive to be used in solar cell production. 
Table 2.3. Alternative rear contacts for CIGS solar cells. 









































Mo(10nm)/ITO PI 13.3% 14.1% ETH Zurich [74] 





14.1% ETH Zurich [76] 
ZrN/Mo(10nm) 13.9% 




Ti/TiN/Mo PI 13.4% 14.9% EMPA [78] 
Mo:Na 
Mo:Na SLG 15.24% 15.4% Uppsala 
University 
[79] 
Mo:Na/Mo Al2O3 13.4% 17.1% [80] 
Mo/Mo:Na/Mo SS 14.4% 9.8% EMPA [81] 
Mo/Mo:Na/Mo SLG 16.6% 17.6% NREL [82] 
Mo:Na/Mo 




Ti 13.1% - 
Cr 13.1% - 
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TCOs: Utilization of transparent conductive oxides (TCOs), such as indium tin oxide 
(ITO), ZnO:Al (AZO), and  ZnO:Ga (GZO), as alternative rear contact for CIGS solar cells, 
would enhance the PV efficiencies by using solar illumination from both the front and the 
rear sides of the device. Furthermore, TCOs could be used for tandem solar cells which are 
known to have an efficiency limit well above the single-junction Shockley-Queisser (Q-S) 
limit. In addition, TCO contacts enable light trapping via surface textures, which can 
readily be formed by optimization of the deposition conditions or through wet-chemical 
etching. However, when a TCO layer is deposited on SLG and used for rear contact 
applications, the beneficial alkali diffusion from the SLG to the CIGS absorber is blocked 
by the oxide layer. Another important point to consider when using a TCO as rear contact 
is that the resistivity of TCO tends to increase tremendously (few Ohm/sq to several 
thousand Ohm/sq) during high-temperature CIGS absorber growth, which deteriorates the 
cell performance via a lower fill factor due to the series resistance effect [71, 72, 85]. 
Transition metal nitride layers: Highly reflective rear electrodes are necessary to prepare 
CIGS solar cells with thin (< 1 m) absorbers. Mo is not the best choice in this case since 
its average optical reflection in the visible wavelength range is below 60%. In contrast, 
transition metal nitrides such as TiN and ZrN are reported to have a high optical reflection 
in the red and infrared region [77, 86-88]. An increased optical path length within the CIGS 
absorber can be expected if highly reflective ZrN and TiN is used as a rear contact, which 
enables to improve carrier generation. Hence, there exists also a possibility to reduce the 
thickness of the absorber, which can lower the solar cell’s production cost. Moreover, 
transition metal nitrides can also act as a diffusion barrier, limiting impurity diffusion from 
the substrate into the CIGS absorber and acting as a protection layer for moisture from the 
atmosphere. TiN as well as ZrN have been found to strongly reduce or even inhibit the 
alkali (Na) diffusion from the substrate into the CIGS absorber [89]. Therefore, extrinsic 
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Na has to be supplied either by an alkali-containing layer or by a post-deposition alkali 
treatment (PDT). However, the band alignment between the transition metal nitrides and 
the p-CIGS layer is not good, which causes a higher contact resistance and rear surface 
recombination [89]. Hence, when using transition metal nitride as rear electrodes, in order 
to form a low-resistance ohmic contact, a very thin Mo layer should be introduced between 
rear contact and the CIGS absorber. This helps to form a MoSe2 layer during the high-
temperature absorber formation step and reduces the contact resistance [90]. 
Mo:Na: Sodium doped Mo (Mo:Na) can provide uniform, exact control of Na supply and 
could provide an advantage to avoid post deposition alkali diffusion step. The industrial 
implementation of Mo:Na rear contact is relatively easy, as it can be integrated into an 
in-line magnetron sputtering system by simply exchanging the target material at the desired 
position in the production line. However, efficiencies of the CIGS cells using Mo:Na are 
lower than that of references with Na source diffusion from the SLG substrate [79, 80, 82, 
91]. Söderström reported that most of the Na was probably located at the Mo grains instead 
of diffusing to the CIGS layer [79]. However, opportunities still exist to enhance the 
efficiency via Mo:Na as a rear contact. Further efforts are required to explore this method. 
In conclusion, among the four types of alternative rear contact materials, TCOs are 
promising for bifacial cells and tandem solar cell applications. Transition metal nitrides 
and Mo:Na are also very promising, due to their stability and other excellent properties. 
However, in all these cases additional post-deposition alkali treatment and deposition of a 
thin (10 nm) Mo or MoSe2 capping layer are necessary to form a good ohmic contact.  
2.2.4 Alkali element incorporation strategies in CIGS absorber 
In the mid-1990s, it was discovered that CIGS grown on soda-lime glass (SLG) gives better 
PV efficiency than CIGS grown on Na-free substrates, and the reason for this improvement 
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was found to be related to Na diffusion from the glass substrates. Since then, the influence 
of Na diffusion during the growth of CIGS has been widely studied [92-94]. Although the 
influence of Na is still a debated topic in the CIGS community, the most prominent Na-
related effects reported by several research groups in the past are the following [95]: 
i). Na atoms normally accumulate at the CIGS/Mo interface and grain boundaries and 
thus passivate the grain surface;  
ii). Due to Na doping, the free carrier concentration of the CIGS layer can be increased 
by one order of magnitude, which is due to the reduced amount of (In,Ga)Cu 
compensating donors;  
iii). Na affects the reaction mechanism of absorber formation and hence the grain size, 
morphology, and texture of the CIGS layer;  
iv). Solar cell parameters such as open-circuit voltage (VOC) and fill factor (FF) can be 
increased by moderate Na doping, which in turn increases the cell efficiency;  
v).  The diffusion of the Na from SLG substrate through the rear contact is related to 
the oxidation and microstructure of surface of rear contact [96];  
vi). In the literature it is recommended that for favourable effects, the amount of Na in 
the CIGS absorber should be limited to 0.1 at %. Excessive Na incorporation tends 
to generate deep defect states and thus the recombination loss increases. Other alkali 
metals such as Li (lithium), K (potassium), Rb (rubidium) and Cs (caesium) have 
similar favourable effects as Na. The efficiency improvement at the ZSW institute 
from 20.8% in 2014 to 22.6% recently has been attributed to absorber layer doping 
by the heavy alkali element Rb [10, 53, 97].  
Na incorporation in CIGS can be achieved by following any one of the methods shown in 
Fig. 2.8. Using the SLG substrate as a Na source is the simplest and most commonly used 
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method as shown in Fig. 2.8(a). The Na in the SLG substrate can diffuse through the rear 
contact into the absorber during the high-temperature absorber formation process. 
However, the Na diffusion from the SLG substrate into the absorber greatly depends on 
the uniformity and quality control of the glass substrate production as well as on the ability 
of the rear contact layer to transport this Na to the CIGS film. In addition, the migration of 
Na from the SLG substrates is reported to cause reliability issues, namely potential-induced 
degradation (PID) of PV modules [23]. Thus, in CIGS PV manufacturing, alkali-free 
substrates or SLG substrates with alkali-blocking layers are used to produce PID-free 
modules. For improved process control, it is highly beneficial to decouple the influence of 
substrate and rear contact from the supply of Na, which has created the need to search an 
extrinsic Na source, other than the SLG substrate [98, 99]. 
 
Fig. 2.8. Common deposition techniques. (a) Passive diffusion (SLG), (b) NaF layer on top 
of rear contact, (c) Co-evaporation of Na during the CIGS formation process, (d) sodium 
doped molybdenum (Mo:Na) and (e) Post-deposition treatment. 
The extrinsic Na source can be delivered before, during and after the absorber formation 
process, shown in Fig. 2.8. The most studied extrinsic Na incorporation strategy is to 
deposit a Na-containing precursor layer with a high lateral uniformity and an optimized 
thickness on top of the Mo, prior to the CIGS deposition [see Fig. 2.8(b)]. The choice of 
substrate is either to use Na-free substrates [100] or to utilize an alkali diffusion barrier 
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layer, like Al2O3 or SiN, between the Na-containing substrate and the Mo layer in order to 
prevent additional Na diffusion into CIGS absorber [101]. 
Co-evaporation of Na together with the other CIGS components has been reported by 
Rudmann (see Fig 2.8(c)) [102]. Compared with other methods, no additional step is 
required for Na “delivery”. However, the major disadvantage of this method is that Na 
sources, which can be elemental Na, Na2S, Na2Se, or NaF, are of different hazardness, the 
handling and storage limitations. Moreover, additional process controls are required. 
Hence, this method is not widely practiced [102]. 
Another source of Na that could be used is a Na-containing Mo layer [see Fig. 2.8(d)]. Yun 
et al. initiated this approach in 1997 using a Na-doped Mo (Mo:Na) layer [14]. From then 
on, many groups have followed this idea of using 5 to 10 at. % sodium doped Mo target 
for the deposition of Mo:Na back electrodes. This is a very simple and low-cost approach 
for Na incorporation into CIGS. It is also worthy to mention that the properties of Mo, i.e., 
low contact resistance to CIGS, good adhesion, low resistivity, smooth surface, and high 
chemical stability during the corrosive CIGS growth conditions are not affected by the use 
of a Na-doped Mo target. 
Sodium treatment can also be performed after the CIGS growth process as shown in Fig. 
2.8 (e), which is called post-deposition treatment (PDT). The PDT method was developed 
at the EMPA lab during 2003 and 2005 [103], through evaporating a thin NaF layer on top 
of a 3-stage deposited CIGS layer. This method has the advantages of high stability and 
reproducibility of Na incorporation. However, unlike the other four methods discussed 
above, NaF PDT cannot change the microstructure of the CIGS layer while enhancing the 
solar cell performance. Recently, Pianezzi et al. have reported that two-step NaF and KF 
PDT has increased the efficiency of CIGS solar cells greatly from 11.5% to 19.2% [104, 
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105]. The additional KF PDT step can modify the absorber surface composition, leading 
to a passivated surface and an improved junction quality [19]. 
Although several methods are practiced for Na doping, it is still unclear which strategy is 
the best suited method for Na incorporation and for controlling the quantity of Na incorpo-
ration into the CIGS absorber over a large area is still a challenge. 
2.3 Summary of the chapter 
In this chapter, the basics of CIGS solar cells including their crystallographic structure, 
composition and optical bandgap of the chalcopyrite are described. The operating principle 
of a CIGS/CdS heterojunction solar cell with regard to the recombination paths is discussed. 
Two well-known CIGS absorber formation methods, the one-step co-evaporation process 
and the two-step process (precursor formation followed by selenisation/sulphurisation) are 
briefly discussed. For large-area industrial applications, both co-evaporation and sputtering 
methods are promising and several companies have implemented these methods to produce 
CIGS PV modules. For rear contact applications, Mo is presently the most widely used 
material as it meets most of the requirements for rear contacts of CIGS solar cells. However, 
it is necessary to improve the performance of Mo and also find alternatives to Mo to form 
high-efficiency CIGS solar cells. Previous studies on alternative rear contacts such as other 
transition and noble metals, TCOs, transition metal nitrides and Mo:Na are also 
summarised in this chapter. Various strategies for alkali element incorporation into the 
CIGS absorber layer to enhance the efficiency of the solar cells are discussed. This forms 
a basis for work on modified rear contacts for CIGS solar cells. 
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Chapter 3 Experimental details and characterisation methods 
3.1 Introduction 
This chapter elaborates on the key fabrication steps to form CIGS absorbers and the 
characterisation techniques employed in the research work of this thesis, with a focus on 
the rear electrode structures of CIGS solar cells. A schematic of a typical CIGS solar cell 
fabrication sequence is shown in Fig. 3.1, in which a bottom-up substrate configuration is 
adopted. The key fabrication process steps and characterisation steps are included to 
address both the optimization of individual thin-film layers and the efficiency of the solar 
cell. 
 
Fig. 3.1. Fabrication process flow of the CIGS solar cells investigated in this thesis. Also 
shown are the characterisation techniques used at each processing step. 
CIGS solar cell fabrication steps 
(1) In this work, three different glass substrates (with different Na concentrations)  
- extra clear opti-white (diamond), soda-lime (SLG), and borosilicate glass - were used 
for Mo rear contact deposition and CIGS solar cell development. As a first step, the 
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utilised glass substrates (40 cm × 30 cm) were thoroughly cleaned in a laboratory 
glassware washer (Miele, G7883CD) using alkaline detergent and multiple cycles of 
deionised (DI) water rinsing. 
(2) This was followed by the deposition of a Mo layer (or Mo/SiN or Mo/TiN stacks) as 
rear solar cell contact by direct current (DC) magnetron sputtering. To understand the 
influence of the different fabrication conditions and rear contact designs on the optical, 
electrical and mechanical properties - as well as the microstructure and surface 
morphology - of the rear contact, various characterisation methods as outlined in Fig. 
3.1 were utilised. These characterisation methods are described in more detail in the 
following sections. Chapters 4 - 6 will elaborate on the characterisation results and 
their analysis.  
(3) Next, using DC sputtering, the CuGa and In metallic precursor stacks are deposited 
onto the rear contact. XRF measurements were used for composition adjustment and 
thickness control. 
(4) The sample is then subjected to a high-temperature selenization process via 
atmospheric pressure rapid thermal processing (RTP) in a Se-containing environment, 
converting the metallic precursor stack into a p-type polycrystalline CIGS absorber. 
The p-type conductivity of CIGS is attributed to the dominant acceptor Cu vacancy 
VCu in Cu-poor CIGS and shallow acceptor Cu on In antisite CuIn in Cu-rich CIGS. 
(5) To create a p-n heterojunction, a CdS buffer layer (n-type) is then deposited by a 
solution-based chemical bath deposition (CBD) in a so-called wobbler (TENUIS II, 
Chemical buffer layer deposition system supplied by Singulus AG, Germany). 
(6) Then follows the deposition of a highly conductive ZnO window layer. This is 
achieved via a bilayer ZnO window layer consisting of a 80 nm thick RF magnetron 
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sputtered intrinsic ZnO layer and a 500 nm thick pulsed DC (DC+) magnetron 
sputtered ZnO:Al (AZO, 2 at. %). 
(7) Finally, the solar cell is completed with a front-side metallization process in which a 
900 nm thick Al/Ag front metal grid is formed by magnetron sputtering. 
3.2 Thin film deposition by DC magnetron sputtering  
The magnetron sputtering process is one of the most widely used physical vapour 
deposition (PVD) methods for thin film deposition. It is widely utilised in both research 
laboratories and industrial plants to deposit thin films of metals, metal oxides, metal 
nitrides, etc. [106-108]. This method involves the interaction (‘bombardment’) of energetic 
ions in a plasma with the surface atoms of a solid material (‘target’), transferring 
momentum and thereby causing these neutral atoms to be ejected from the solid surface 
into the plasma. These ejected atoms will travel towards a near-by substrate and, via 
condensation, will form a thin film on the substrate.   
The key advantages of the magnetron sputter process include low cost, relatively high 
deposition rate (of the order of 10 to 100 nm/minute for metals), reproducibility, moderate 
processing temperatures, homogeneous coatings on large-area substrates, and compati-
bility with existing industrial semiconductor manufacturing processes [109]. In addition, 
this simple process enables complex chemical compositions to be deposited onto a wide 
variety of substrate materials, including glass, polymer foils, metal foils etc. in different 
shapes and sizes [106-108]. Furthermore, sputtering produces lower contamination levels 
compared to other chemically-driven deposition techniques, and often results in more 




Fig. 3.2. Schematic diagram of a DC/RF magnetron sputtering unit. 
Figure 3.2 is a schematic illustration of a typical magnetron sputtering process. Prior to 
thin film deposition, high purity inert gas (generally Ar) is introduced into the high vacuum 
chamber and the chamber pressure is normally maintained at < 1×10-5 mbar [90, 110, 111]. 
A high electrical voltage is then applied between the target (cathode) and the substrate 
(anode), which ignites the Ar gas to form a plasma containing Ar+ ions and electrons. The 
Ar+ ions are accelerated by the electric field and, via collisions with neutral Ar atoms, 
create even more Ar+ ions and secondary electrons (‘impact ionization process’). Some of 
the accelerated Ar+ atoms hit (or ‘bombard’) the surface of the target material, while the 
electrons accelerate towards the substrate. During ion bombardment, most of the momen-
tum of the bombarding particles is transferred to the target’s surface atoms which are 
thereby ejected towards the substrate; these atoms then form the desired film on the sub-
strate via condensation. A small fraction of the bombarding particles (< 5%) is lost in the 
form of reflected high energy neutrals or via implantation. The reflected high energy 
neutrals affect the film formation process by colliding with the bombarded target atoms 
and the residual gas molecules. Some energy of the bombarding particles transfers to the 
36 
 
target and raises the target’s surface temperature. Hence, proper cooling of the target via 
its rear surface is necessary to reduce the radiant heat load and to prevent melting of the 
target. 
During the sputter deposition either direct current (DC) or radio-frequency (RF) electric 
power can be applied between the target and substrate material, giving either DC sputtering 
or RF sputtering. DC sputtering is the simplest and least expensive sputter deposition 
method. In DC sputtering, the working gas pressure must be greater than 0.05 mbar to 
generate a sufficient number of ions and maintain the plasma discharge [112]. At high 
working gas pressure, the energies of the accelerated ions and the sputtered atoms are 
reduced considerably by collisions with the ions and the neutral atoms in the sputtering 
chamber. In addition, the DC sputtering target should be electrically conductive to maintain 
the process. If the target is non-conductive (for example, oxides and dielectric materials), 
the positive ions impinging on the surface of the target cannot be neutralised by the 
electrons from the power supply. This leads to positive charge build-up at the target surface, 
which in turn creates an electric field and tends to suppress the sputtering process.  
RF sputtering is applied when the target is an insulating material or non-conductive. The 
sputtering process can be maintained by applying RF power (the typical frequency is 13.56 
MHz). With RF power, the heavy ions are not able to follow the fast changes of polarity. 
However, the electrons in the plasma can follow these changes of the electric field without 
any significant delay and thus are able to neutralize the positive surface charges 
periodically, ensuring a stable sputtering process. However, during the half cycle when the 
potential of the substrate is positive, there is no deposition onto the substrate, and thus the 
deposition rate of RF sputtering is lower compared to DC sputtering [113]. 
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The growth (or deposition) rate is one of the technically relevant criteria for adoption in 
industrial production, as a higher deposition rate can lead to higher throughput capacity 
and lower manufacturing expenses. The deposition rate mainly depends on (a) the ratio of 
the number of atoms ejected to the number of incident bombarding atoms, (b) the nature 
of the chemical bonding of the target atoms, and (c) the energy transferred by the collision 
[90, 111]. For a given material, the chemical bonding of the target atoms is constant. Thus, 
in order to enhance the deposition rate, a magnetic field is applied to trap the electrons in 
the plasma for a longer duration, which increases the plasma stability and plasma density. 
As shown in Fig. 3.2, a dense plasma loop is formed near the surface of the target, and a 
‘racetrack’ erosion pattern at the target surface is created by the magnetron sputtering 
process. This erosion pattern reduces the target lifetime and target utilization efficiency. 
Besides the higher deposition rate delivered by DC magnetron sputtering as compared to 
RF magnetron sputtering, the advent of modern equipment technologies enables the DC 
magnetron sputtering process to precisely control the stoichiometry of the films during 
industrial production. However, application of DC magnetron sputtering is limited, due to 
the requirement of an electrically conductive target and low target utilization [90]. On the 
other hand, the major disadvantage of RF magnetron sputtering is the higher cost and 
complexity of RF power supplies.  
To expand the application of the DC magnetron sputtering method from conductive 
elements or alloys to dielectric compounds (such as oxides, nitrides and carbides), the 
reactive sputter process has been explored and widely applied. Reactive sputtering is 
conducted using an elemental (metallic) target in an inert gas (usually Ar) with a corres-
ponding reactive gas (for example O2 or N2) atmosphere to form the targeted compound 
thin films like metal oxides, nitrides and oxy-nitrides. For example, SiO2 can be deposited 
by reactive DC magnetron sputtering using a high purity Si target in an Ar/O2 gas mixture. 
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In reactive sputtering, besides the reaction between the sputtered atoms and the reactive 
gas, there is also a reaction between the target surface and the reactive gas. At high a 
reactive gas flow, the target surface tends to be “poisoned”, which is known to reduce the 
deposition rate or, in extreme cases, can switch off the plasma and the deposition process 
[90, 110, 111]. 
In this thesis, for CIGS solar cell applications, Mo rear contact deposition is carried out in 
the in-line sputter machine (FHR line 540, supplied by FHR Anlagenbau GmbH, Germany) 
shown in Fig. 3.3. The sputter machine is equipped with four chambers, among which 
Chamber-1 and Chamber-4 at the two ends are dedicated to sample loading and/or 
unloading. Chamber-2 and Chamber-3 are the process chambers used to deposit thin films 
of different materials. Chamber-2 is equipped with three planar DC sputtering sources (Mo, 
Mo:Na and Ti/Si) for metal and dielectric layer deposition at room temperature conditions. 
Chamber-3 is equipped with a pair of cylindrical sources (twin magnetron operated by 
pulsed DC source) and a planar pulsed DC source for dielectric and TCO deposition. In 
Chamber-3, the substrate can be heated up to 400 C during deposition. 
 
Fig. 3.3. Photograph of the in-line magnetron sputtering system at SERIS. The machine 
was built by FHR Anlagenbau GmbH, Germany (Model: FHR line 540). 
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3.3 Characterisation methods 
3.3.1 Characterisation of electrical properties  
3.3.1 Sheet resistance measurement by four point probe 
The four-point probe measurement is a conventional and convenient method to measure 
the sheet resistance and resistivity of metal films and conductive semiconductor films in 
the semiconductor industry [114]. Four needle-like tungsten wire probes are linearly 
arranged, with an inter-probe distance s as shown in Fig. 3.4.  
 
Fig. 3.4. Schematic of four-point probe measurement set-up. 
When a current I is applied via the two outer probes, a voltage V can be measured between 
the two inner probes. The sheet resistance Rsh of the sample is obtained by the following 









                                         (3.1) 
The resistivity ρ is obtained by multiplying the Rsh with the thickness t of the sample: 
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𝑡                         (3.2) 
In this thesis, the sheet resistance of the deposited layers was measured using a four-point 
probe (Napson CRESBOX) setup operating in van der Pauw configuration. The resistivity 
of the films under investigation was calculated via Eq. (3.2).  
3.3.1.2 Hall measurements 
Hall measurements were used to determine the conductivity type (n or p), mobility, carrier 
concentration and resistivity of the CIGS absorbers formed on different glass substrates. 
The Hall effect was discovered by Edwin Hall in 1879 [116, 117]. A schematic of the Hall 
measurement set-up is shown in Fig. 3.5. When charge carriers such as electrons, holes or 
ions move along the x-direction, and a magnetic field is applied to the z-direction, then the 
carriers will experience the Lorentz force. They will move to, and accumulate at, one side 
of the material (y-direction) rather than traveling straight under an electrical field. This 
movement creates a potential difference across the sample perpendicular to both the 
electrical and the magnetic fields, which can be determined using the right-hand rule [117]. 
The potential difference can be measured as the Hall voltage VH to determine the carrier 
concentration, conductivity type, carrier mobility, and resistivity of the sample. 
In this thesis, the carrier concentration, conductivity type, carrier mobility and resistivity 
of CIGS absorbers on glass substrates (diamond glass, soda-lime glass and borosilicate 
glass) with different Na contents were measured using a Lake Shore Hall effect measure-




Fig. 3.5. Schematic setup of Hall measurements. 
3.3.2 Characterisation of optical properties  
Besides determining the electrical properties of the deposited thin films, the optical proper-
ties are also of keen interest. In this thesis, optical spectroscopy and ellipsometry 
techniques have been utilised to derive film properties such as thickness (d), refractive 
index (n)  and band gap (Eg). 
3.3.2.1. Ultra-violet (UV), visible (Vis), near infrared (NIR) spectroscopy 
The optical reflectance of the rear contacts and silicon nitride (SiN) films was measured 
with a double-beam UV-Vis-NIR spectrophotometer equipped with an integrating sphere 
(Agilent Cary 7000). In this spectrophotometer, a double monochromator is used to select 
a particular wavelength originating from deuterium and tungsten halogen light sources. 
The monochromatic light is then split into two beams (one for the reference and the other 
for the sample) before entering the integrating sphere as shown in Fig. 3.6. The commercial 
software package “Coating Designer (CODE)” was used to fit transmission data of SiN 




Fig. 3.6. Schematic diagram of UV-Vis-NIR spectrophotometer. 
3.3.2.2 Spectroscopic ellipsometry 
Spectroscopic ellipsometry (SE) is a non-destructive and contactless optical measurement 
method suitable for characterizing thin films, and allows the user to extract useful 
information such as film composition, optical refractive indices, and thickness with 
angstrom-level resolution. A schematic representation of the SE measurement method is 
shown in Fig. 3.7. The electromagnetic radiation is generated by thermal (halogen) bulbs 
or high-pressure arc-discharge plasma lamps and then polarized by a fixed polarizer, passes 
through optional compensator and additional optical elements (mirrors, prisms, or lenses) 
for redirecting or focusing the light beam, and falls on the samples. The reflected beam 
from the surface of the samples passes through the mirror and rotating analyzer, and finally 
reaches the detector. The complex reflectance ratio that is parametrised by the amplitude 
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ratio ψ and the phase difference Δ is acquired. The ψ and Δ spectra are subsequently 
analysed by fitting the experimental data using appropriate oscillator models [120]. 
In this thesis, variable angle spectroscopic ellipsometry (VASE) measurements were 
performed on silicon nitride (SiN) films, from 300 nm to 1200 nm at two different angles 
of incidence (φ0) of 56° and 65°, using a rotating compensator ellipsometer (SemiLab, SE-
2000). The thickness, roughness, optical constant (refractive index n and extinction 
coefficient k) and optical bandgap were obtained by fitting the experimental Psi (ψ) and 
delta (Δ) curves using a simple Tauc-Lorentz oscillator model [121, 122]. 
 
Fig. 3.7. Schematic representation of ellipsometry with variable incidence angle and 
optional micro-focus lenses for increased lateral resolution. 
3.3.3 Film structure characterisation  
3.3.3.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a non-destructive, highly effective and commonly used 
technique to analyse the structural properties of single-crystalline, polycrystalline and 
amorphous materials in the form of solids, thin films, and powders. The fundamental 
working principle of X-ray analysis is as follows: a monochromatic X-ray beam is 
generated due to the bombardment of highly energetic electrons on the target material, 
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exhibiting a characteristic Kα line. After passing through the filter and aperture, the X-ray 
light irradiates on the sample surface at a defined inclination angle. These scattered X-ray 
waves are received and analysed by the detector. In this way, film thickness, layer density, 
surface and interface roughness, crystal lattice constants, preferred grain orientation 
(texture), grain size and lattice strain can be measured with high accuracy [123-126]. 
 
Fig. 3.8. Schematic representation of θ/2θ diffraction in Bragg-Brentano geometry. 
The most frequently used diffraction geometry is the θ/2θ scan, which is shown in Fig. 3.8. 
In the θ/2θ scan, the angle of both the incoming and the exiting beam is θ with respect to 
the specimen surface. The X-ray beam is collimated by slits and apertures other than 
refractive elements, which is similar to the lens used for visible light. The diffraction 
pattern is collected by recording the scattered intensity I(2θ) as a function of 2θ while the 
incidence angle of the incoming X-ray beam and the scattering angle varies with a fixed 
step size of Δ2θ. Typically, most of the diffraction peaks of the thin films measured are in 
the range of 2θ = 20 – 100o [127, 128]. X-ray diffraction at very shallow angles of 
incidence is called grazing incidence XRD (GIXRD). GIXRD is a very useful method to 
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study the surface structure of thin films, as it enhances the intensity of the diffraction beam 
while avoiding background signals from the substrate. 
The crystalline phases and preferred orientation of polycrystalline films can be determined 
by the interference of the X-ray scattering with the periodic structure of the crystals 




                                                                   (3.3) 
where d, n, λ, and θ are, respectively, the distance between parallel crystal lattice planes, 
the interference order, X-ray wavelength and the Bragg angle [127]. In this work, to under-
stand the crystallinity and microstructure of the films, a Bruker D8 model X-ray diffracto-
meter was used to record the diffraction patterns of the films in the GIXRD mode. From 
the GIXRD measurements, the average grain size of the films was determined using the 




                                                             (3.4) 
where λ, β, and θ are the wavelength of the X-ray used (0.1546 nm), the full width at half 
maximum (FWHM), and the Bragg angle of the preferred orientation, respectively. Both 
intrinsic tensile and compressive strains were reported for magnetron sputter deposited 
films [129, 130]. The intrinsic tensile strain was attributed to grain boundary relaxation, 
while the intrinsic compressive strain was attributed to lattice distortion produced by the 
energetic particles striking the films [129, 130]. The intrinsic strains in the sputtered films 
can cause slight changes in lattice constant values. The intrinsic strain in the sputtered Mo 




× 100                                               (3.5) 
46 
 
where a0 and a represent the reference lattice constant (3.1469 Å, JCPDS 42-1120) and the 
lattice constant of Mo films obtained from XRD measurement. 
3.3.3.2 Raman spectroscopy 
Raman spectroscopy is one of the powerful spectroscopic methods used to determine the 
microstructure of samples under investigation.  It employs a monochromatic laser source 
for excitation. During measurement the laser beam interacts with the polarizable electron 
density and the bonds of the molecules in the samples, thereby being scattered with 
frequency shifting higher (Stokes Raman scattering) or lower (anti-Stokes Raman 
scattering) as compared to the initial frequency of the photons in the laser beam [131]. This 
shift, caused by inelastically scattered radiation, is called the Raman effect, and it provides 
chemical and structural information on the material under investigation. The intensity of 
the Raman signal is proportional to the square of the electric dipole moment. Raman 
spectroscopy is commonly used to identify different molecules in chemistry. Pure metals 
with BCC and FCC (e.g. Al, Ag, Au, etc.) structure, which contain only one atom in their 
primitive unit cell, are not Raman active [132]. However, HCP metals (e.g. Ti), which 
contain two atoms in the primitive unit cell are Raman active and show Raman spectrum 
[133]. However, Raman spectroscopy is powerful for characterizing compounds and 
molecular species on the surface of metals. 
In this thesis, a micro-Raman spectroscopy system (Renishaw, in Via Raman Microscope) 
was used to characterize bilayer Mo films in backscattering configuration to study their 
surface oxidation and thus their long-term stability. A green Ar+ laser (λ = 514 nm, νLaser = 
19455 cm-1) having a maximum power output of 50 mW was used as the light source. 
During measurements, the sample’s surface was illuminated by a focused laser beam at 5 
sec exposure and 5% power with a diameter of around 2 to 3 µm. Optical filters 
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(holographic notch filters) were used to eliminate the Rayleigh scattered light. The Raman 
spectrometer detects and analyses the resultant laser light scattered by the sample. 
3.3.4 Film thickness and composition analysis 
3.3.4.1 X-ray reflectivity (XRR) 
X-ray reflectivity (XRR) is a non-destructive and non-contact technique for thickness 
determination in the 2-200 nm range with a precision of about 1-3 Å. In addition, this 
technique is also employed to determine the density and roughness of films, even for 
multilayers, with high accuracy. The optical configuration used for XRR is shown in 
Fig. 3.9. Similar to thin-film XRD, a highly collimated X-ray beam is incident on the 
sample. Typically, the beam is parallel to within a few hundredths of a degree. The angle 
of incidence varies from 0° to approximately 2° during the measurement. The reflected 
beam is collimated to the same angle as that of the incidence angle. 
 
Fig. 3.9. Schematic illustration of X-ray reflectivity. 
The reflection at the surface and interfaces is related to the different electron densities of 
the different layers of the samples [124, 125]. The so-called critical angle θc, below which 









𝜌                                                 (3.6) 
where r0 is the Bohr atomic radius, λ is the wavelength of the X-rays (0.1549 nm in our 
case), NA is Avogadro’s number, Z is the number of electrons per atom, f’ is the dispersion 
describing the X-ray absorption edge, A is the atomic weight, and ρ is the density of the 
layers. These parameters are typically known constants, except for the density ρ of the layer. 
The density of the layer is determined by the critical angle θc as shown in Eq.3.6 [124, 125]. 
The critical angle θc of most materials is smaller than 0.3°. Above θc fringes occur due to 
the interference of reflections from the different interfaces, which is related to the thickness 
of the films (t). The relationship between the fringes and the thickness of the films can be 
written as [126]: 
𝜃𝑚+1 − 𝜃𝑚 ≈
𝜆
𝑡
                                                             (3.7) 
The roughness (σ) of the films results in a lower intensity of the specular reflection 
spectrum due to diffuse scattering. The contribution of the roughness to the reflection can 
be counted into the Fresnel coefficients of the reflection ρυ,h by a factor 
𝜌𝑣,ℎ ∝ 𝑒𝑥𝑝 (−
𝑡
2𝜎2
)                                                      (3.8) 
A rough film is expected to exhibit interference fringes in a smaller angular range than a 
smooth film. 
The XRR measurements in this thesis were carried out by high-resolution X-ray specular 
reflectometry at grazing incidence angle in the X-ray demonstration and development 
(XDD) beamline at Singapore Synchrotron Light Source (SSLS) [134]. The film properties 
such as density, surface roughness and thickness of the single-layer Mo films deposited at 
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different chamber pressures were derived by the theoretical fitting of experimental XRR 
data. This will be discussed in more detail in Chapter 4. 
3.3.4.2 X-ray fluorescence (XRF) 
X-ray fluorescence (XRF) is a process control tool commonly used for composition and 
thickness measurements of a wide variety of samples, including solids, liquids and powders. 
X-ray fluorescence radiation is generated by a high energy x-ray beam interacting with the 
sample. Due to this interaction, one electron from the innermost electron shell (i.e. K shell) 
of a sample atom is knocked-off and creates a vacancy. The resultant vacancy is filled by 
an electron from an outer shell, i.e., either from the L or M shell, emitting fluorescence 
radiation Kα or Kβ which have a characteristic energy distribution for a particular element 
[135]. This fluorescence radiation is evaluated by the detector as shown in Fig. 3.10. 
 
 
Fig. 3.10. Schematic representation of XRF measurements. 
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The intensity of the characteristic fluorescence radiation Ii (wavelength of λi) of a particular 
element i can be expressed as: 
𝐼𝑖 = 𝐶𝑖𝐾(𝜆𝑆)/𝜇𝑇(𝜆𝑖){1 − 𝑒𝑥𝑝[−𝜇𝑇(𝜆𝑖)𝜌𝑑]}                                  (3.9) 
where Ci is the mass fraction of the element i, ρ is the density of the sample, and d is the 
layer thickness. The factor K(λS) is constant for the given spectrometer geometry and the 
excitation probability for this radiation wavelength λS under given conditions. Total mass 
absorption coefficient µT(λi) is defined as: 
𝜇𝑇(𝜆𝑖) = ∑𝜇𝑘(𝜆𝑖)𝐶𝑘                                                      (3.10) 
where µk(λi) and Ck are the mass absorption coefficient of element k for λi and its mass 
fraction. When the thickness of the sample is below 10 µm, the exponential factor in Eq. 
3.10 becomes small. Therefore Eq. 3.10 is reduced to: 
𝐼𝑖 = 𝐶𝑖𝐾(𝜆𝑆)𝜌𝑑                                                      (3.11) 
Based on Eq. 3.11, the intensity of a given mass fraction of a sample depends only on the 
mass per square area ρd (which is also known as mass thickness) and shows a linear 
relationship with the thickness of the measured film.  
In this thesis, the Fischer X-Ray Fluorescence (XRF) system, Model X-Ray XDV-SDD, 
was used to measure both thickness and composition of the stacked Cu-In-Ga metal 
precursors and CIGS absorbers. The thickness of the Mo rear contacts and the CdS buffer 
layers were also measured by XRF. 
3.3.4.3 Energy-dispersive X-ray Spectroscopy 
Energy-dispersive X-ray spectroscopy (EDX) is also capable of identifying specific 
elements by analysing the energy of characteristic X-rays emitted from a sample during 
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irradiation from an excitation source, similar to XRF [136]. EDX is commonly coupled 
with electron microscopes such as SEM and TEM for elemental and chemical composition 
analysis. The principal difference between EDX and XRF is that high energy electron beam 
is used as the excitation source in EDX while X-ray radiation is used for XRF measure-
ments. There are also some other differences in factors, such as analysis depth and spatial 
resolution. Typical analysis depth of XRF is approximately 10 µm and the spatial 
resolution can be varied from 3-10 mm2, and makes XRF ideal to measure the properties 
of both Mo and CIGS layers in completed stacks, simultaneously. The analysis depth of 
EDX depends on the elements measured and the energy of the electrons, and can be up to 
~1 µm [137]. The spatial resolution of EDX is about 0.5 µm and is limited by the diver-
gence of the electrons. However, the analysis area can be increased by reducing the magni-
fication of the electron microscope. In this thesis, an energy dispersive X-ray detector 
(EDX; Oxford Instruments, Oxford, UK) coupled with a SEM (Carl Zeiss, Auriga-39-35) 
was used for the elemental and composition analysis of CIGS absorber and completed 
CIGS solar cells. The Zn-K, Cd-L, S-K, Cu-K, Ga-K, In-K, Se-K and Mo-L signals were 
used for the elements mapping and profiling. 
3.3.4.4 Secondary ion mass spectrometry 
Secondary ion mass spectrometry (SIMS) is a powerful spectrometric method commonly 
used for composition analysis. Compared to other methods, the major advantage of SIMS 
is its high sensitivity (< 10-4) for the majority of the elements and high depth resolution 
(< 1 nm) for depth concentration profiling [137, 138]. The main advantage of SIMS over 




The basic principle of SIMS measurements is that the materials under investigation are 
ionized by an internally generated beam (primary ion beam) of either positive (e.g., Cs) or 
negative (e.g., O) ions. The generated ions, called secondary ions, are detected by a mass 
spectrometer across a high electrostatic potential. For depth profiling, the sample surface 
is sputter-etched by a mono-energetic beam of primary ions in the energy range of 0.25 to 
50 keV [137, 138]. 
In this study, SIMS depth profiling of the completed CIGS solar cells was measured using 
a Phi ADEPT 1010 quadrupole SIMS mass spectrometer installed at EAG Laboratories, 
USA. During the measurement, the generated secondary ions were accelerated to about 5.5 
keV and detected by a high-resolution detector. Cs+ ions were used to sputter-etch the layers, 
enabling the depth profiling of complete Glass/Mo/CIGS/ CdS/AZO stacks.  
3.3.5 Characterisation of morphology and topography  
3.3.5.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a widely used method to characterize the surface 
morphology and topography of samples in various fields, such as the materials, biological, 
medical and semiconductor industries. A schematic diagram of a SEM set up is shown in 
Fig. 3.11. During operation, the electrons are emitted, accelerated, bundled, focused and 
then interact with the atoms of the sample, producing various signals. Different signals are 
detected by various detectors for particular purposes. The most common mode of the SEM 





Fig. 3.11. Schematic diagram of a SEM set up. 
The detectors can be an In-lens detector for surface structure measurement applications and 
a secondary electron detector (SE) for topography measurement applications. The In-lens 
detector is a high-efficiency detector for high-resolution SE imaging which is affected by 
the working distance (WD). The typical WD recommended for the In-lens detector is a few 
mm [141]. The SE detector can detect SE as well as BSE signals. In this thesis, the surface 
morphology and cross-sectional structure of Mo rear contacts and CIGS solar cells were 
investigated by a high-resolution SEM (Carl Zeiss, Auriga-39-35) that employed an in-lens 
detector to record the surface features. 
3.3.5.2 Atomic force microscopy 
Atomic force microscopy (AFM) is a versatile tool commonly used to measure surface 
feature height, friction, and morphology of materials in atomic scale resolution. AFM 
consists of a cantilever with a sharp tip, which helps to probe the surface information. When 
the tip (normally made up of silicon carbide) encounters the feature structure on the 
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sample’s surface, the cantilever deflects due to the force between the tip and the feature 
structure [142]. The deflection is sensed by a laser and is converted into electrical signals 
to construct the AFM surface images of the sample under investigation. AFM can be 
operated in three different modes such as contact, tapping, and non-contact modes and are 
schematically shown in Fig. 3.12. The contact mode AFM can damage or distort the surface 
of soft samples, whereas, the tapping and non-contact mode operations can minimize this 
surface damage due to the oscillation of the tip over the sample surface.  
In this thesis, the surface morphology of thin films was recorded with an atomic force 
microscope supplied by Veeco Corp. (Model: NanoScope D3100). The measurements 
were taken in the tapping mode. The measured raw data were analysed with a NanoScope 
Analysis software to obtain the Root Mean Square (RMS) roughness (Rq) values. 
 
Fig. 3.12. Typical AFM setup. The deflection of the cantilever with a sharp tip is measured 




3.3.6 Characterisation of CIGS solar cells  
3.3.6.1 Current-voltage (I-V) measurements 
The electrical performance of the CIGS solar cells prepared in this work was tested under 
standard AM1.5G illumination conditions using a LED-based solar simulator (Sinum 220, 
Wavelabs, Germany). The advantage of LED (light emitting diode) solar simulators over 
conventional xenon lamp simulators is that they are relatively stable and also allow to 
independently control each of the LEDs present in the illumination source (here: 21) to 
match a user-desired spectrum. 
This tool, which can be run in either the steady-state mode or in the pulsed mode (long or 
short pulses), has a built-in spectrometer and photo-diode to enable an active control of the 
intensity and the spectrum. Its intensity range can be adjusted from 0.1 suns up to 1.2 suns 
without affecting the spectral quality, and the lateral non-uniformity of the simulator 
irradiance fulfills the requirement of ≤ 2.0% (ASTM E927-10 standard) over an area of 
160 mm × 160 mm. The irradiated power density for the standard illumination conditions 
is 100 W/cm2. All I-V measurements were carried out at room temperature conditions at 
25 C, without any intentional heating or cooling of the substrate. 
3.3.6.2 External quantum efficiency 
Quantum efficiency (QE) is essential for understanding current generation, recombination, 
and carrier transport mechanisms in PV devices, relating to the response of a solar cell to 
the various wavelengths in the spectrum of light. External Quantum Efficiency (EQE) is 
the ratio of the number of charge carriers collected by the solar cell to the number of 
incident photons at a specific wavelength. EQE measurements are typically performed at 
short-circuit conditions. EQE measurements of the CIGS solar cells were performed with 
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a single-point spectral response system (Bentham, PVE300-IVT). Measurements were 
taken at room temperature conditions at ~ 25 C, with a white bias light of 1 sun intensity. 
3.3.6.3 Photoluminescence imaging 
Luminescence is the emission of light excited by external or internal power sources such 
as chemical reactions, electrical energy, subatomic motions, or stress on a crystal. In 
semiconductors, the band-to-band luminescence is emitted when an electron ‘jumps’ from 
the conduction band to the valence band and recombines with a hole in the valence band. 
The incident beam responsible for photoluminescence (PL) is generated by a high-power 
laser (wavelength of 915 nm in our case), and the luminescence image of the sample is 
captured by a camera with very short acquisition time and high lateral spatial resolution. 
PL imaging is a non-contact and non-destructive characterisation method, which can be 
used as a process control tool. Brighter regions (i.e. higher luminescence intensity) of the 
samples correlate to a better electronic material quality. In Chapter 6, the PL intensities of 
CIGS solar cells prepared in this study are reported to correlate with their efficiencies and 
open-circuit voltages [143, 144]. To study the spatial non-uniformity, uncalibrated PL 
imaging was performed on the completed CIGS solar cell devices with a BT Imaging 
LIS-R2 tool equipped with a 915 nm laser giving an illumination intensity equivalent to 2 
suns for up to 3 seconds.  
3.4 Summary of the chapter 
This chapter briefly described the CIGS solar cell fabrication process steps and charac-
terisation techniques used in this thesis. The principle of DC magnetron sputtering used for 
Mo and Mo:Na deposition was discussed in details. In addition, reactive magnetron 
sputtering is also applied in this thesis to deposit TiN and SiN thin films using conductive 
Ti and Si targets. Various characterisation techniques used to study the electrical, optical, 
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microstructural, morphological and photovoltaic properties of the fabricated samples are 
briefly discussed. The principles of four point probe and Hall measurements used for 
electrical characterisation of the deposited Mo and CIGS films are outlined. The optical 
properties of the films are studied with a UV-Vis-NIR spectrophotometer and spectros-
copic ellipsometry methods. X-ray techniques are widely used in this thesis, including 
XRD, XRR, XRF and EDX, which enable to understand the microstructure, density, thick-
ness, composition, and uniformity of the deposited films. Morphology and topography 
measurements were carried out by AFM and SEM. Finally, the details of the solar cell 
measurement methods (I-V, EQE and PL) used in this thesis are discussed. 
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Chapter 4 Optimisation and characterisation of Mo rear 
contacts 
4.1. Introduction 
DC magnetron sputtering is the most commonly used method to deposit Mo films on 
large-area substrates and most of the CIGS PV manufacturers are using this method in 
their factories to prepare Mo rear electrodes. Several research groups have reported 
specific properties of sputter-deposited Mo films, such as adhesion to the glass sub-
strate, electrical conductivity, and optical reflectivity [78, 145-147], and have shown a 
strong dependence of these properties on the deposition pressure. It is well knwon that 
Mo films sputter-deposited at high argon pressure adhere well to glass substrates, but 
have poor optical and electrical properties. In contrast, Mo films deposited at a low 
argon pressure show poor adhesion owing to a large compressive stress in the films, 
although the films have better optical and electrical properties [148, 149]. It has hence 
been concluded that in-built or residual stress is a major factor which influences the 
Mo film’s adherence to the substrate. Also, Shen reported that the stress levels in Mo 
films drastically change from tensile to compressive when the deposition pressure is 
changed from 8 to 10 mTorr [150]. Besides the adherence to the glass substrate, the 
resistivity of the Mo films is also reported to be affected by the sputtering gas pressure. 
Although Mo has been widely studied for rear contact applications in CIGS solar cells, 
the understanding of microstructure formation due to deposition pressure variations is 
still incomplete. In addition, the density of Mo films plays a major role in determining 
the extent of Na diffusion during high-temperature CIGS formation. Inter-columnar 
microvoids were found to provide the pathway for Na diffusion from the soda-lime 
glass to the CIGS absorber, leading to an increased solar cell efficiency [151, 152]. In 
the literature, very little information exists on Mo density and its effect on the film 
properties [153-156]. To fill this gap, in this work we investigated the properties of Mo 
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films as rear contact for CIGS solar cells. The Mo films were deposited at various 
power and chamber pressure conditions and the film properties are studied system-
atically.  
Mo bilayer stacks were reported to be used as rear electrode applications in CIGS solar 
cells [153, 155, 157-160]. The most widely studied topic is to find the balance between 
good adhesion and low electrical resistivity. However, there are very few reports which 
describe the influence of the properties of the individual layer on the performance of 
bilayer Mo films [157-160]. Salomé et al. reported the optimisation of Mo bilayer 
stacks [157]. They varied the bottom Mo layer thickness to achieve good adhesion, and 
the overall thickness of the Mo stacks was different for each deposition condition. In 
addition, Mo rear contacts were found to degrade over time due to surface oxidation, 
which leads to the degradation of the whole device [23, 24]. Hence, bilayer Mo films 
were deposited with different thickness ratios of high pressure deposited bottom layers 
(HP Mo) to low pressure deposited top layers (LP Mo) while keeping the total layer 
thickness constant (900 nm). In this thesis, efforts were taken to develop an improved 
understanding of the effects of the individual layer thicknesses on the overall properties 
of bilayer Mo films, such as microstructure, surface morphology, and surface oxidation. 
Based on the characterisation and analysis of experimental samples, a reliable method 
is established to deposit durable bilayer Mo films that are well suited for rear contact 
applications in CIGS solar cells. 
4.2 Experimental details 
In this study, Mo films were deposited onto soda-lime glass substrates (size: 30 cm × 
40 cm, thickness: 3 mm) without any intentional substrate heating at room temperature 
condition in an inline multichamber magnetron sputtering system (FHR Anlagenbau, 
Line540) using a DC power supply. A planar Mo metal target (purity, 99.95%) was 
used for Mo deposition (Fig. 4.1). 
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Fig. 4.1. Photograph of the planar Mo sputtering target used for Mo film deposition. 
Optimisation of Mo thin film deposition in this work is divided into two parts, as 
follows. The first series of samples was based on a power variation, where the samples 
were deposited under varying sputtering power from 0.5 to 2 kW and constant chamber 
pressure conditions (3×10-3 mbar). From this power variation series, the optimal 
sputtering power condition was then used as a base for the deposition of the second 
series of samples at various chamber pressure conditions increasing from 1.5 to 
7.5×10-3 mbar at a step of 1.5×10-3 mbar by varying the Ar flow from 50 to 400 sccm 
at a fixed sputtering power of 2 kW. The deposition was carried out in a dynamic mode 
(i.e., the substrate oscillated in front of the glowing plasma). During deposition, the 
glass substrate was vertically attached in the portrait format on a moving carrier and 
allowed to oscillate for a desired number of times at a moving speed of 10 mm/s. This 
multiple-pass deposition method potentially reduces the number of pinholes in the 
deposited Mo films and enables to adjust the film thickness. A summary of the Mo 
deposition conditions for samples deposited under both power and pressure variation 
conditions are tabulated in the following Table 4.1. 
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The second series of samples was deposited at different pressures, whereby two sets of 
samples with different thicknesses, ~90 and ~900 nm, were prepared at 2 kW for 
various characterisation purposes. The 90 nm thick films were used for density 
measurements by the X-ray reflectivity (XRR) method, while the 900 nm thick films 
were used for Mo rear electrode preparations and other characterisation studies.  
Table 4.1. Summary of conditions of Mo thin-film deposition by DC magnetron 
sputtering. 
Parameters Power series Pressure series 
Working pressure (×10-3 mbar) 3.0 1.5 - 7.5 
Ar flow (sccm) 120 50 - 400 
Target power (kW) 0.5 - 2.0 2.0 
Power density (W/cm2) 1.09 - 4.36 4.36 
Deposition temperature Room temperature Room temperature 
 
4.3 Single-layer Mo films  
4.3.1 Growth rate 
The growth rate of the films and uniformity of the layers on large area are commonly 
scaled with the product value of working power, deposition pressure and the working 
distance between target and substrate. In our sputter machine, the target to substrate 
distance is fixed constant at 8 cm. The effects of the target power and chamber pressure 
on the growth rate of the Mo films are investigated. As show in Fig. 4.2, the deposition 
rate shows a strong dependence on the applied power, increasing linearly from 11.5 to 
48.6 nm/pass when the working power increased from 0.5 to 2.0 kW. At a high 
deposition power, there were more ionized particles with high energy obtained from 
the high potential between the target and substrate. Thus, more atoms are ejected per 
second from the surface of the sputter target, resulting in a higher film deposition rate 
on the substrate. 
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Based on the above result, the power applied to the target was fixed as a constant at 2 
kW while preparing samples at different chamber pressure conditions from 1.5×10-3 to 
7.5×10-3 mbar. As shown in Fig. 4.2, the deposition rate does not increase with 
increasing chamber pressure, despite an increase in plasma current.  It is common that 
the number of sputtered atoms increases with increasing gas pressure; however, the 
increasing scattering rate invoked by the increasing gas pressure reduces the number 
of Mo atoms arriving at the substrate. Hence, the effect of the increase of gas pressure 
on deposition rate is compensated and almost constant growth rate was observed for all 
deposition conditions. 
 
Fig. 4.2. Growth rate of Mo films as functions of target power and chamber pressure. 
4.3.2 Thickness uniformity  
The thickness of the Mo film deposited on 40 cm × 30 cm size SLG substrate (see Fig. 
4.3) was measured by XRF. In order to understand the coating uniformity on a large-
area substrate, the thickness of Mo films was mapped all over the surface. The result is 
plotted in Fig. 4.4. The coefficient of thickness variation (C.O.V) of these 48 measured 
data points is calculated using the following equation: 
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C. O. V. =
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
𝑇𝑎𝑣𝑒𝑟
× %                                     (4.1) 
where Tmax, Tmin and Taver are the maximum, minimum and average thickness values 
of  the measured data. The average thickness and C.O.V. of the films were calculated 
to be 900 nm and ±1.17%, respectively. This demonstrates that the Mo film possesses 
excellent coating uniformity on a large-area substrate. 
 
Fig. 4.3. Photograph of a Mo film deposited on a 40 cm × 30 cm glass substrate. 
 
Fig. 4.4. Thickness mapping of a Mo film deposited on a 40 cm × 30 cm glass substrate. 
4.3.3 Electrical properties 
The effects of the working power and chamber pressure on the electrical properties of 




























the Mo films were studied by the four-point probe. The results are plotted in Fig. 4.5. 
The sheet resistance and resistivity of the Mo films reduced significantly as the working 
power increased. At a higher working power, the energetic incident particles impart 
higher momentum to the depositing molybdenum atoms so that they can fill up the 
microvoids or vacancies resulting in better crystallinity and enhancing grain growth, 
and thus the better electrical properties of the deposited Mo films. At 2.0 kW working 
power, the sheet resistance and resistivity of 900 nm Mo film reduced to 0.41 Ω/sq and 
36 µΩcm, respectively. Compared with the resistivity of bulk Mo (5.34 µΩcm), the 
electrical resistivity of a single-layer Mo film deposited at 2.0 kW was higher. This 
deviation can be attributed to the film density and porosity.  Hence the chamber 
pressure was adjusted to fine tune the process to form films with good electrical 
properties. 
 
Fig. 4.5. Variation of the sheet resistance of Mo films as functions of working power 
and chamber pressure. The sheet resistance increased with increasing pressure owing 
to changes in the crystallinity and increasing surface roughness of the Mo films. 
As seen from Fig. 4.5, the deposition pressure also strongly affects the sheet resistance 
of the 900 nm thick Mo films. The lowest sheet resistance of 0.3 Ω/sq (corresponding 
to a resistivity of 29 µΩcm) was obtained for the film deposited at the lowest chamber 
pressure (1.5×10-3 mbar), which can be attributed to the low surface roughness (see the 
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AFM results in Fig.4.14) and the large grains of the film. The increase in sheet 
resistance with increasing deposition pressure can be attributed to the increasing 
surface roughness and decreasing grain size (see the XRD results in Section 4.3.5). 
These observed trends agree well with those reported in earlier publications [130]. 
4.3.4 Optical reflectance 
The optical properties of Mo thin films play an important role for the efficiency of 
CIGS solar cells, especially for thin CIGS absorber layers of less than 1 μm [161-163]. 
In order to understand the optical reflection of Mo layers, the reflectance of Mo films 
deposited at different pressures was measured using a UV-VIS spectrophotometer. The 
results are plotted in Fig. 4.6 as a function of wavelength. As can be seen, the average 
reflection of Mo films in the visible range (400 to 800 nm) decreased from 55 to 48% 
when the deposition pressure increased from 1.5×10-3 to 7.5×10-3 mbar. This is due to 
the observed decrease in film density and increase in the roughness of Mo films 
prepared at a high pressure, which enhances optical scattering and thus light absorption 
in the films. Note that the existence of a thin oxide layer (MoOx) on the Mo surface 
also played an important role in determining the reflectance of Mo films [164], which 
was confirmed by XRR measurements and discussed briefly in the following section.  
 
Fig. 4.6. Optical reflection of Mo thin films measured in the wavelength range from 
300 to 1500 nm. The reflection of the films decreases with increasing pressure owing 
to change in the density and surface roughness of the films. 





































4.3.5 Film density and roughness 
XRR measurements were performed to determine important properties, such as density, 
thickness and surface roughness of the Mo films deposited at different chamber 
pressures. In Table 4.2, a summary of the measured density, thickness and roughness 
values of Mo films deposited at various pressures is listed. From this table, it can be 
seen that, with increasing deposition pressure, the film density gradually decreased and 
the roughness simultaneously increased. Such a behaviour can directly be ascribed to 
the increased inter-atomic collisions due to increasing Ar flow. 
Table 4.2. Thickness (d), roughness () and density () of the Mo films derived from 
XRR measurements. 








1.5 88.0 2.9 10.0 
3.0 85.2 2.5 9.8 
4.5 88.1 3.6 9.5 
6.0 89.1 3.6 9.3 
7.5 88.0 4.0 9.0 
 
 
Typical XRR measurement curves recorded for Mo films deposited at low (1.5×10-3 
mbar) and high (7.5×10-3 mbar) pressures are shown in Fig. 4.7. The experimental 
curves were theoretically simulated to derive the film properties (see the solid lines in 
Fig. 4.8). In order to improve the quality of the fits and to precisely derive the film 
properties, a very thin MoOx surface oxide layer of 3 nm thickness was assumed in 
the simulations. This assumption is reasonable because it is well known that, upon 
exposing metal films to air, a thin oxide layer forms on the surface. In Fig. 4.8, the 
density of the films derived from XRR is plotted as a function of the deposition pressure. 
From this figure, it is clear that with increasing deposition pressure, the density of the 
Mo films decreased gradually from 10.0 g/cm3 (which corresponds to 98% of the bulk 
density of Mo) to 9.0 g/cm3. It is well known that under low pressure conditions, the 
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kinetic energy of the sputter-deposited species is high, leading to a denser morphology 
of the films due to the atomic peening effect [157-160]. During sputtering, the sputtered 
particles possessing high energies in the order of 10 keV reach on the surface of the 
substrate and bomb the grown film. In addition, the back scattered neutral atoms with 
high energy from the working gas also “bombard” the growing film. Both of these two 
types of “bombardment” are called atomic peening effect, which have great effect on 
the surface morphology, structure and density of the sputtered film. With increasing 
chamber pressure, owing to the increasing number of collisions and decreasing mean 
free path length as well as kinetic energy, the mobility of Mo atoms is hindered and a 
highly porous film is formed on the substrate. Hence, the density of the films decreased 
with increasing chamber pressure.  
 
Fig. 4.7. XRR of Mo films deposited on glass substrates at (a) 1.5×10-3 mbar and 
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From Fig. 4.7(a), it can be seen that the amplitude of the oscillations observed for the 
Mo film deposited at a low pressure (1.5×10-3 mbar) decays very slowly at larger 
incidence angles, which indicates a low surface roughness for the films deposited at 
low pressure. In contrast, the amplitude of the oscillations observed for the film 
deposited at 7.5×10-3 mbar [Fig. 4.7(b)] decay very fast at small angles, which is 
evidence for the increased porosity and roughness of the films deposited at high 
pressure. The packing density P, defined as the ratio of the film density film to the bulk 
density Mo of the material, can also provide an overview of the porosity of the material. 
The calculated packing density values are plotted in Fig. 4.8 as a function of chamber 
pressure. As shown in Fig. 4.8, the packing density of the Mo films shows a similar 
trend as the Mo film density; this indicates that the film deposited at 7.5×10-3 mbar has 
about 13% porosity [165]. 
 
 
Fig. 4.8. Measured density of Mo films as a function of chamber pressure. The density 
() and packing density (P) of the films decrease with increasing chamber pressure, 
owing to the reduced mean free pathlength and kinetic energy of the sputtered Mo 
atoms. 
4.3.6 Crystallinity, microstructure and deposition induced strain in Mo films 
Figure 4.9 shows a typical XRD pattern recorded for a Mo sample deposited at 3.0×10-3 
mbar. The figure reveals that the Mo film is well crystallised and shows a maximum 
intensity peak at 2  40.5º, which can be attributed to the BCC structure of Mo 






















































(JCPDS Card # 42-1120) with the preferred orientation of grains in the <110> direction 
[166]. The XRD spectra recorded in the full scan range (2 = 25 to 70º) for all other 
samples are similar and are therefore not shown here. Figure 4.10 shows the (110) 
reflection of the samples deposited at four different chamber pressures for comparison. 
From the literature [167-169], a grain orientation in the (110) plane is more favorable 
for preparing high-efficiency CIGS solar cells. Mo films with preferred grain 
orientation in (110) can enhance the (220) and (204) orientations of the CIGS absorber 
layer and help to signiﬁcantly reduce grain boundary recombination losses in CIGS 
solar cells,  which was shown to improve the efﬁciency of CIGS solar cells [167-169]. 
 
Fig. 4.9. XRD pattern of Mo film deposited at 3×10-3 mbar. The Mo grains are oriented 
in the <110> direction, which is the preferred orientation for preparing high-efficiency 
CIGS solar cells. 



































Fig. 4.10. XRD patterns of the (110) peak of Mo thin films deposited at various 
chamber pressures. The intensity of the peaks decreases continuously with increasing 
pressure. 
It can be seen from Fig. 4.10 that the peak intensity of the samples decreases with 
increasing deposition pressure, revealing that crystallinity deteriorates with increasing 
pressure. With increasing deposition pressure, the (110) peak position slightly shifts 
towards lower angles, as shown in Fig. 4.10, which indicates changes in the deposition 
induced stress levels. 
The grain size (D), lattice constant (a), and deposition induced in-built strain in the 
films were calculated from the (110) peak and are plotted in Fig. 4.11 as functions of 
increasing deposition pressure. The grain size D [see Fig. 4.11(a)] decreased with 
increasing pressure. From Fig. 4.11(b), it can be seen that the lattice constant a 
increased gradually from 3.142 (at 1.5×10-3 mbar) to 3.152 Å (at 6.0×10-3 mbar) and 
then dropped back to 3.142 Å (at 7.5×10-3 mbar). The calculated lattice constant (a) 
values were close to that of bulk Mo (a = 3.147 Å) [158, 160] and the observed changes 
in the lattice constant can be attributed to the changes in the deposition-induced residual 
stress level and the associated strain values in the Mo films. Figure 4.11(c) shows that 
the Mo film deposited at 1.5×10-3 mbar (low pressure) was under compressive strain. 
An increase of the deposition pressure led to a change in the strain state. As a result, 

























tensile strain is observed in the films deposited at medium pressures (3.0×10-3 to 610-3 
mbar). Finally, for the film deposited at a high pressure (7.5×10-3 mbar), the strain state 
changed again to the compressive state. Note that both the lattice constant and residual 
strain of the films had a one-to-one correlation and showed similar trends. Hence, the 
observed changes in strain states can be attributed to the changes in the lattice constant 
due to the variations in deposition pressure. At a lower deposition pressure, the proba-
bility of collisions of sputtered particles with Ar atoms was lower (as there are fewer 
Ar atoms in the chamber), which resulted in the deposition of higher-energy particles 
on the substrate, and thus in the formation of a denser film (as confirmed by XRR 
measurements). A much denser film morphology led to the formation of thin films with 
compressive strain. On the other hand, when sputtering at a high pressure, the resulting 
Mo films possessed more inter-granular voids (which will be discussed in the following 
Section 4.3.7 and also shown in SEM images in Fig. 4.13). Such an observation was 
related to the reduced energy of the sputtered atoms that arrived at the growth surface. 
With increasing pressure (and thus more scattering of the sputtered species), the Mo 
film became more porous and loosely packed. 
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Fig. 4.11. Grain size (D), lattice parameter (a) and in-built strain of the Mo films 
deposited at various pressures. The adhesion test results are also indicated. 
In order to understand the durability of the films and assess the effect of deposition 
induced strain, the adhesion of Mo films on glass substrates was evaluated by the 
Scotch tape test, which is widely used for testing the stability of metal layer coatings 
on glass substrates [166]. Figure 4.12 shows the photographs of several samples after 
the tape test. As can be seen, the film deposited at a low pressure delaminated during 
the tape test, while the film deposited at a high pressure successfully passed the 
adhesion test. The poor adhesion of the Mo films deposited at a low pressure can be 
attributed to the higher deposition rate,  film density and deposition induced stress. The 
adhesion test results (pass or fail) are shown in Fig. 4.12(c). As stated above, with 
increasing pressure, the density of the films decreased; as a consequence, the strain in 
the films changed from compressive to tensile, which improved adhesion. Although 
the film deposited at a very high pressure (7.5×10-3 mbar) had a compressive stress, it 
had excellent adhesion to the glass substrate. The compressive stress of this film was 
linked with the absorption of impurities (O, H, and water vapour) in the intergranular 
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voids [148]. Since there is no reorganisation of the arriving atoms at a high pressure, 
the films adhered strongly with the substrate. A similar dependence between the strain 
levels in sputter-deposited Mo films and their adhesion has also been reported by Forest 
et alia [148]. 
    
Fig. 4.12. Adhesion test (tape test) photos of Mo films deposited at (a) 3.0×10-3, 
(b) 4.5×10-3, (c) 6.0×10-3, and (d) 7.5×10-3 mbar. The adhesion of the films improved 
with increasing deposition pressure.  
4.3.7 Surface morphology 
The surface morphology and microstructure of Mo films prepared under different 
pressure conditions were studied by both SEM and AFM. The results are shown in Figs. 
4.13 and 4.14, respectively. Figures 4.13(a) and (d) show that the film deposited at a 
low pressure (1.5×10-3 mbar) has densely packed and relatively large fibre-like 
elongated grains that are mostly aligned in the same direction. Furthermore, the film 
has a low void volume fraction. As the deposition pressure increased, the size of the 
fibrous grains decreased and the concentration of small void structures (open grain 
boundaries) in the films increased, as shown in Figs. 4.13(c) and (f). This observation 
is further supported by the AFM measurements, see Fig. 4.14. The AFM results 
revealed that the root mean square (RMS) surface roughness of the films increased with 
increasing deposition pressure, which in turn, further increased the porosity of the films. 
Previous publications have demonstrated that the porosity of the Mo rear electrode 
supports the migration of Na atoms from the soda-lime glass substrate to the CIGS 
absorber layer during the high-temperature selenisation and/or sulphurisation. Hence, 
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this porous structure was reported increase solar cell efficiency up to a certain extent 
[160, 170].  
 
Fig. 4.13. Surface view and the corresponding cross-sectional SEM images of Mo films 
deposited at (a) and (d) 1.5×10-3, (b) and (e) 4.5×10-3, and (c) and (f) 7.5×10-3 mbar. 
With increasing deposition pressure the size of the fiberlike grains decreased, while 
simultaneously the density of the open grain boundaries (voids) increased. 
 
Fig. 4.14. AFM images of Mo films deposited at (a) 1.5×10-3 mbar, RMS=5.52 nm, (b) 
4.5×10-3 mbar, RMS=5.14 nm, and (c) 7.5×10-3 mbar, RMS=7.06 nm. 
4.4 Development of bi-layer Mo back electrodes 
In order to develop a systematic understanding of how to form bilayer stacks, which 
are most commonly used for back electrode applications in CIGS solarc ells, bilayer 
stacks with five different thickness ratios of a high pressure (HP, 6.0×10-3 mbar) 
deposited Mo bottom layer and a LP (LP, 1.5×10-3 mbar) deposited Mo top layer were 
deposited at the same power (2 kW), as shown in Fig. 4.15. The thickness of the Mo 
layers was adjusted by varying the number of oscillations (‘passes’) of the substrate 
holder in front of the glowing sputter cathode. 
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Fig. 4.15. Schematic of the bilayer Mo rear electrode design. The bottom Mo layer was 
deposited at HP (6.0×10-3 mbar) while the top Mo layer was deposited at LP (1.5×10-3 
mbar). The total thickness of the bilayer Mo stacks was about 900 nm. 
4.4.1 Electro-mechanical properties 
For 900 nm thick single-layer Mo films, the films deposited at LP showed a lower sheet 
resistance (0.31 Ohm/sq), but they failed in the tape test; in contrast, the films deposited 
at HP showed a significantly higher sheet resistance (0.84 Ohm/sq), but they passed the 
tape test. The electromechanical properties of the deposited bilayer Mo films are 
summarised in Table 4.3.  
Table 4.3. Properties of 900-nm single-layer Mo films deposited at HP (6×10-3 mbar) 
and LP (1.5×10-3 mbar), as well as 900-nm bilayer Mo films consisting of different 
thickness ratios of the HP deposited Mo bottom layer and the LP deposited Mo top 
layer. 
Sample number (a) (b) (c) (d) (e) 
Thickness of LP 
Mo layer (nm) 
810 720 630 540 450 
Thickness of HP 
Mo layer (nm) 
90 180 270 360 450 
Sheet resistance 
(Ohm/sq) 







The sheet resistance of the bilayer Mo films increased slightly with increasing thickness 
of the HP deposited bottom layer. However, an increasing thickness of the HP deposited 
bottom Mo layer improved the adhesion to the SLG substrate, and the stack success-
fully passed the adhesion tape test when the thickness of the HP deposited bottom Mo 
layer reached to ~360 nm. The adhesion was improved further for the sample prepared 
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with the 450 nm thick HP deposited bottom Mo layer. This optimized bilayer stack 
possesses a sheet resistance of 0.37 Ohm/sq, which is comparable to commercially 
available Mo substrates and is also acceptable for rear contact applications in CIGS 
solar cells. The observed differences in the adhesion properties of the films are caused 
by the intrinsic strain, which is determined by the microstructure of the films. 
4.4.2 Optical reflectance 
In order to understand the optical properties of the bilayer Mo stacks, the optical 
reflectance was measured at wavelength range from 300 to 800 nm, see Fig. 4.16. For 
comparison, the reflectance spectrum of both LP and HP deposited single-layer Mo 
films are also plotted in Fig. 4.16. From this figure, the observed differences in the 
reflectance of the films deposited at different chamber pressures can be attributed to 
the differences in the surface roughness and density of films. As discussed in Section 
4.3.7, the surface roughness of the HP deposited Mo film was comparatively higher 
than that of the LP deposited film. The HP deposited film also possessed a lower density 
and a higher porosity (see the XRR measurements of Section 4.3.5), which led to a 
further reduction in the optical reflectance of the Mo films [171]. The second Mo film 
deposited at LP tended to conformally grow on the HP deposited bottom Mo layer, 
which had a rougher surface with more defects [171]. Hence, the optical reflection of 




Fig. 4.16. Measured optical reflectance of single-layer (LP and HP deposited) Mo films 
and bilayer Mo films (with 90 and 450 nm thick HP deposited bottom layers). 
4.4.3 Crystallinity and microstructure 
The crystalline structure of modified bilayer Mo stack stacks was studied by XRD 
measurements in the grazing angle setup. All samples were measured at a fixed 
inclination angle of 2º and the XRD spectra were recorded from 20 to 75 º. From the 
measurements, we found two pronounced peaks centred at 2θ = 40.5° and 73.7° (see 
Fig. 4.17). These two peaks are indexed to Mo (110) and Mo (211) reflections, respec-
tively. It is worthy to note that the single-layer Mo film deposited at LP (Fig. 4.17(a)) 
had a better crystallinity with a stronger and sharper peak at 2θ = 40.5°, compared to 
the single-layer Mo film deposited at HP (Fig. 4.17(b)). This can be attributed to the 
higher kinetic energy of the sputtered particles at LP. In addition, the Mo (110) peak 
shifted slight towards lower angles as the deposition pressure is increased from 1.5×10-
3 to 6.0×10-3 mbar, due to the change in the deposition induced built-in stress levels 
within the films (which changed from the compressive to the tensile state) caused by 
the different densities of the films (as measured by XRR, see Fig. 4.8). All bilayer Mo 
film grains showed preferred orientation along the [110] direction, which is a typical 
feature for the body-centred cubic (BCC) crystal structure of metallic Mo. This was 
due to the highest planar density and the minimum surface free energy of the (110) 
planes of the BBC crystal structure [146]. 





















 LP single layer Mo film
 HP single layer Mo film
 90nm/810nm double layer Mo film
 450nm/450nm double layer Mo film
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Fig. 4.17. XRD patterns of single-layer and bilayer Mo films. The scanning range is 
centered at the Mo (110) and Mo (211) lattice planes. 
The effects of the thickness of the bottom layer Mo film on the full width at half 
maximum (FWHM) and grain size of bilayer Mo films are illustrated in Fig. 4.18. 
Figure 4.18 shows that the FWHM increased and the grain size decreased with 
increasing bottom layer thickness. This was related to the small crystalline size of the 
bottom Mo films deposited at high pressure and the large FWHM of the Mo (110) peak. 
When the thickness of the bottom layer increased from 90 to 450 nm, the grain size of 
the bilayer Mo films decreased from 24.5 to 15.5 nm, which can be attributed to the 
smaller grain size of bottom HP Mo layers. 
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Fig. 4.18. FWHM and grain size of bilayer Mo films vs. the bottom layer thickness. 
4.4.4 Surface morphology 
The surface morphology of the bilayer Mo films was studied by SEM and AFM. Figure 
4.19 shows surface-view and cross-sectional SEM images of three Mo films deposited 
at different conditions. It can be clearly seen that all Mo films possess elongated grains 
with open boundaries, which is similar to the grains observed for the single-layer Mo 
films. It is also interesting to see from the cross-sectional SEM images (see Fig. 4.19) 
that no clear boundary is observed between the Mo layers deposited at different 
pressures, which indicates that the columnar structure grew continuously irrespective 
of the change in deposition pressure. However, it is worthwhile to note that the size of 
the columnar structures and the overall grain size decreased with increasing thickness 
of the HP deposited bottom Mo layer, which agrees well with the XRD findings. In 
addition, the porosity of the films was found to increase with increasing bottom Mo 
layer thickness, which is a direct effect of the low density and high roughness values 
of HP deposited Mo films (see the XRR measurements in Section 4.3.5). Figure 4.20 
shows the surface morphology of the films as measured by AFM. These measurements 
revealled that, with increasing bottom Mo layer thickness, the RMS roughness of the 
bi-layer stacks gradually increased from 7.2 to 10.4 nm, and the increase was still 
within the acceptable limits [172, 173]. This observed roughness increase can directly 
be attributed to the roughness of the bottom Mo layer (deposited at HP). The cross-































sectional SEM measurement showed clear evidence for the continuous growth of the 
columnar structure. Hence, it seems that the top Mo layer deposited at LP adopted the 
roughness of the HP deposited bottom Mo layer. 
 
Fig. 4.19. Surface-view and cross-sectional SEM images of bilayer Mo films with 
different thickness ratios of the bottom and top Mo layers: (a) and (b) 90nm/810nm, 
(c) and (d) 270nm/630nm and (e) and (f) 450nm/450nm. 
 
Fig. 4.20. AFM 3D images of bilayer Mo stacks with different thickness ratios of 
bottom/top layers deposited on soda-lime glass substrates: (a) 90nm/810nm, 
(b) 180nm/720nm, (c) 270nm/630nm, (d) 360nm/540nm and (e) 450nm/450nm. 
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4.4.5 Long-term stability 
The surface oxidation of the Mo rear contact is critical in preparing high-efficiency 
CIGS solar cells. It has been reported that the oxygen adsorption on the surface is 
favourable for the diffusion of Na atoms from the SLG substrate via the Mo rear contact 
into the CIGS absorber. However, the oxidation of the Mo rear contact was found to 
cause degradation issues of the Mo layer and thus to reduce the long-term stability of 
CIGS solar cells [174]. It is thus important to study the surface oxidation of Mo films 
and to correlate it to the microstructure properties. 
To better understand the long-term stability of the Mo films prepared in this study, 
Raman measurements of the bilayer Mo films were carried out three months after the 
preparation of the films. The results are shown in Fig. 4.21. Two weak peaks centred at 
860 cm-1 and 958 cm-1 were observed in all samples, which corresponded to the MoO3 
and Mo8O23 modes. This confirms the formation of a thin oxide layer on the surface 
during the 3-month storage period. It is interesting to note that the intensity of the peak 
at 860 cm-1, which corresponds to MoO3, increased when the thickness of the HP 
bottom Mo film increased from 90 to 450 nm. This indicates the formation of oxide 
layers on the surfaces of the Mo films, whereby the oxide layer was thicker for the 
stacks with thicker HP deposited bottom Mo layer. The reason for the intensity variation 
of the MoOx peaks was the increased adsorption of oxygen molecules at the porous 
surface structure, which in turn led to a thicker surface oxide layer [174]. The XRR 
measurements revealed the porous nature of the HP deposited Mo films. The SEM and 
AFM surface morphology studies also confirmed the rough surface features of these 
Mo films. Hence, the increased surface oxidation can directly be attributed to defects 
at the surfaces of the Mo films deposited at HP. 
X-ray photoelectron spectroscopy (XPS) measurements on the bilayer Mo (450 /450 
nm) sample were conducted to verify the formation of the molybdenum oxides formed 
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the surface of Mo film. XPS measurement curve of O 1s, Mo 3p and Mo 3d peaks are 
shown in Fig. 4.22. Peaks attributed to oxides and chemisorbed oxygen can be seen in 
Fig. 4.22 (a). Figures 4.22 (b) and (c) reveal the presence of Mo6+ and Moδ+ states and 
confirm the presence of MoO3 and Mo8O23 phases on the surface of the Mo film [175]. 
This observation has also been verified by the Raman spectroscopy measurements, 
presented in Fig. 4.21. 
 
Fig. 4.21. Raman spectra of bilayer Mo films with a different thickness ratio of the 
bottom layer and top layer. 
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Fig. 4.22. XPS spectra of O 1s, Mo 3p and Mo 3d of the bilayer Mo (450 / 450nm) 
film on SLG glass substrate. 
4.5 Summary of the chapter 
In this chapter, a systematic analysis of the properties of Mo thin films deposited onto 
soda-lime glass sheets at different working power (in the 0.5 to 2 kW range) as well as 
chamber pressure (in the 1.5×10-3 to 7.5×10-3 mbar range) was performed. When 
increasing the power applied to the Mo target from 0.5 to 2 kW, it was observed that 
the growth rate of the film increased significantly from 11.5 to 48.6 nm, with a simul-
taneous decrease in the film resistivity from 150 to 36 µΩcm. Since the films deposited 
at 2 kW showed the best properties, 2 kW was used as the working power to deposit 
Mo films throughout the remainder of this thesis. In the chamber pressure variation 
experiments, low-pressure deposition at 1.5×10-3 mbar resulted in compact Mo films 
with a density closer to that of bulk Mo (10.0 g/cm3), which gives a low sheet resistance 
(0.3 Ω/sq) and a high average optical reflection in the visible range (55%). The films 
deposited at pressures below 6.0×10-3 mbar were found to have a compact micro-
structure and a compressive strain, which resulted in poor adhesion on the glass 
substrate. In contrast, Mo films deposited at a high pressure (7.5×10-3 mbar) showed a 
lower density (9.0 g/cm3), a relatively high sheet resistance (> 1 Ω/sq), and a lower 
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optical reflectivity. The films deposited at pressures above 6.0×10-3 mbar were found 
to have a porous microstructure and a tensile strain, which resulted in poor adhesion on 
the glass substrate. It was also demonstrated that the in-built strain alone does not fully 
explain the adhesion behaviour and that the density and microstructure of the films also 
play a major role in determining the adhesion of Mo films on glass substrates. XRD 
measurements confirmed that the films are well crystallised and that most grains are 
oriented in the <110> direction, which is favorable for preparing high-efficiency CIGS 
solar cells. It was also observed that the film properties such as grain size, density and 
optical reflection deteriorate with increasing deposition pressure.  
In order to fabricate Mo films with both low resistivity and good adhesion to glass 
substrates, bilayer Mo stacks with different thickness ratios of the bottom layer 
(deposited at high pressure: 6.0×10-3 mbar) and the top layer (deposited at low pressure: 
1.5×10-3 mbar) were investigated. The thickness ratio of the bottom layer to the top 
layer was found to play an important role for the micromechanical and physical proper-
ties of the bilayer stack. XRD and tape test studies revealed that a thicker bottom layer 
not only improved its adhesion to the glass substrate but also enhanced the film 
crystallinity and the growth of Mo grains with the preferred (110) orientation for high-
efficiency CIGS solar cells. However, both the sheet resistance and the surface rough-
ness of bilayer Mo stacks were found to increase with increasing bottom layer thickness. 
The observed decrease in the optical reflectance was attributed to the increased surface 
roughness and decreased density of the films. No boundary between the HP and LP 
deposited Mo layers was observed in cross-sectional SEM images, which implies a 
continuous growth of the Mo grains. The oxygen molecules adsorbed on the surface 
pores presumably acted as nucleation centres to form a thin MoOx surface oxide layer. 
Using Raman spectroscopy, the thickness of this oxide layer was found to increase with 
increasing bottom layer thickness. The bilayer Mo stacks on soda-lime glass developed 
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in this work provide a highly durable and low-resistance electrode that seems well 
suited as rear contact of high-efficiency CIGS thin-film solar cells. 
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Chapter 5 Modified molybdenum rear contacts with alkali 
diffusion barrier layers for CIGS solar cells 
5.1 Introduction  
The recent progress with CIGS solar cell efficiencies was mainly due to controllable alkali 
incorporation, for example deposition of an alkali (Na, K, Rb, etc.) containing layer and 
alkali post-deposition treatment (PDT), which is a more controllable technique for alkali 
doping. However, when the substrate contains alkali elements or harmful impurities, it is 
necessary to have a diffusion barrier layer between the SLG substrate and the rear contact 
to suppress or controllably allow alkali element incorporation [176-178]. Furthermore, for 
CIGS solar cell applications, the rear electrode is required to have relatively low sheet 
resistance and high optical reflection. These two fundamental requirements must be 
considered in barrier layer evaluation studies. 
The barrier layer materials used so far include transition metals (Cr, Ta), oxides, nitrides 
and oxynitrides [101, 176, 177, 179-184]. They are usually deposited by vacuum-based 
processes such as atomic layer deposition (ALD), plasma-enhanced chemical vapor 
deposition (PECVD), and magnetron sputtering [185, 186]. Of these, reactive magnetron 
sputter-deposited SiO2, SiOxNy, SiN and TiN thin films are the most commonly used 
diffusion barrier layers in the PV industry [176, 187, 188]. The microstructure and the 
crystal orientation of these layers depend strongly on the deposition conditions. For 
example, the microstructure evolution of titanium nitride (TiN) can be explained by the 
well-known structure zone model (SZM). According to the SZM, the microstructure of 
TiN films can be subdivided into three categories, as shown in Fig. 5.1: (1) Microstructure 
I: the film consists of straight columns throughout the whole film thickness, but with a 
rough surface. (2) Microstructure II: The film also exhibits a columnar structure. However, 
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for the first ~200 nm of film growth, V-shaped columns are observed, indicating an 
evolutionary overgrowth. (3) Microstructure III: the film consists of a columnar structure 
with approximately straight columns across the whole film thickness, showing a smoother 
surface and larger columns compared with microstructures I and II [182, 189]. For 
diffusion barrier layer applications, a TiN film with microstructure II is the best choice. In 
order to grow type-II TiN films (i.e., films with V-shaped columns), it is necessary to have 
adequate N2 gas flow, relatively high sputtering power, and a film thickness of 200-300 
nm. 
 
Fig. 5.1. Sketch of the microstructure (I, II and III) evolution of titanium nitride (TiN) 
films [182]. 
In this chapter, the details of the deposition process of modified Mo rear contacts with a 
barrier layer, specifically SiN and TiN, are investigated. Furthermore, the microstructure 
and surface morphologies of modified Mo rear contacts in CIGS solar cells are system-
atically studied. In order to better understand the effect of the different barrier layers on the 
properties of the Mo films, a very thin (50-60 nm) SiN or TiN barrier layer is deposited 
onto the glass substrate prior to Mo film deposition.  
5.2 Experimental details 
Titanium nitride (TiN) and silicon nitride (SiN) thin films were deposited onto A3 size (40 
cm × 30 cm) extra clear (solar grade opti-white diamond glass) glass substrates by an inline 
multi-chamber magnetron sputtering system (Model Line540, FHR Anlagenbau GmbH, 
Germany) at room temperature. Metallic titanium (Ti) and 5% boron-doped silicon (B:Si) 
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targets (purity: 99.99%, size: 540 mm × 85mm × 10 mm), respectively, were used for TiN 
and SiN layer deposition. During deposition, the working gas flow (Ar, purity 99.999%) 
was kept constant, and the reactive gas flow (N2, purity 99.999%) was adjusted to form 
stoichiometric films. Approximately 900 nm thick Mo films were deposited onto TiN or 
SiN-coated glass substrates, forming the modified Mo rear electrodes. The deposition was 
carried out in dynamic mode (i.e., multiple pass deposition) and the number of oscillations 
was adjusted to obtain the targeted film thickness. The deposition conditions are summa-
rised in Table 5.1. A schematic of the modified Mo electrode with TiN and SiN are depicted 
in Fig. 5.2.  
Table 5.1. Deposition conditions of modified Mo electrode with TiN or SiN barrier layer. 





















TiN 90 or 210 2 4.36 120 0 to 8 3 25 3 
SiN 50 1 2.18 180 30 4, 5, 6 25 4 
Mo 
450, 675,  
900 








Fig. 5.2. The stack design of (a) bilayer Mo films and (b) modified Mo films with TiN or 
SiN barrier layer.  
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5.3 Mo rear contact with TiN barrier layer 
5.3.1 Optimization of TiN deposition 
It is well documented that, during reactive magnetron sputtering processes, the target 
materials react with the reactive gas not only on the surface of the substrate (thereby 
forming a compound coating film) but also all over the target and the chamber walls [190]. 
A hysteresis loop occurs due to the formation of reactive products on the surface of the 
target, leading to the problems in obtaining stoichiometric films with an acceptable level 
of reproducibility [191]. To prepare stoichiometric TiN and minimize the hysteresis effect, 
we studied the hysteresis effect of reactive sputtered TiN at a constant Ar gas flow (120 
sccm) and varying N2 flow (0 to 8 sccm). Figure 5.3 shows the hysteresis loop which was 
obtained by increasing the N2 gas flow gradually from 0 to 8 sccm and then decreasing it 
back to 0 sccm. The whole process can be divided into three modes: metallic mode, 
transition mode, and compound mode sputtering [192, 193]. From Fig. 5.3, we can see that 
the target potentials were stable when the N2 gas flow was below 1 sccm, revealing that at 
low N2 gas flow conditions (between 0 and 1 sccm) the system remained in the metallic 
mode sputtering (region I). At this stage, all the reactive gas was consumed by the sputtered 
particles to form TiN films on the substrate, and no TiN compounds were left on the surface 
of the target. At this condition, the target potential was also low. With increasing N2 gas 
flow, there was a gradual increase in the target potential due to the formation of the reactive 
compound on the surface of the target, and the system transferred towards compound mode 
sputtering. In the transition region (region II), the target surface was inhomogeneously 
covered by reactive compound due to unstable target potential. Further increase of N2 gas 
flow led to a threshold value of the target potential. This is because at this stage, the target 
was completely covered by reactive compounds, and thus the target potential would not 
change much with further increasing N2 gas flow. This region (III) is called compound 
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mode sputtering region, in which the deposition process remains stable, and stoichiometric 
films can be formed. However, in this compound mode the growth rate of sputtered films 
is very low due to the surface poisoning effect of the target. When the N2 gas flow was 
reduced, the target potential also declined, but there was a delay in returning to metallic 
mode sputtering due to the reactive compounds formed on the surface of the target. The 
hysteresis loop was recorded for increasing (N2 = 0 to 8 sccm) and decreasing (N2 = 8 to 0 
sccm) conditions. It is recommended to avoid or have minimal hysteresis behaviour for 
process stabilization.  
Characterisations of TiN films prepared at three different N2 flow conditions [3.5 sccm 
(low flow), 6 sccm (medium flow) and 8 sccm (high flow)] are investigated in details in 
the following sections. The TiN samples prepared at medium and high flow conditions 
were nearly stoichiometric. 
 
Fig. 5.3. Variation of cathode potential as a function of reactive N2 gas flow. The target 
power and working pressure were 2 kW and 3.0×10-3 mbar, respectively. 











































5.3.2 Characterisation of modified Mo rear contact with TiN diffusion barrier layer 
5.3.2.1 Crystalline quality 
The measured XRD patterns of Glass/TiN and Glass/TiN/Mo films are shown in Fig. 5.4. 
It can be seen that, when the N2 flow increases from 3.5 to 8.0 sccm, the structure of the 
TiN film changes from the substoichiometric hexagonal close-packed (HCP) structure 
Ti4N3-x to the stoichiometric body-centred cubic (BCC) structure TiN. From this figure, it 
is evident that all the films have a preferred grain orientation in the <110> direction, 
indicating excellent crystallinity of the Mo films, which should be helpful for preparing 
high-efficiency CIGS solar cells. It should also be noted that the intensity of the (110) peak 
recorded for the Glass/TiN/Mo sample is much higher than that of Mo films prepared 
without a barrier layer (see Fig. 4.17 in Chapter 4). It is also observed that the (110) peak 
intensity increased significantly with increasing N2 flow. The XRD measurement also 
revealed that the N2 flow during the TiN deposition has a strong influence on the preferred 
grain orientation of the Mo film. Specifically, with increasing N2 flow, the intensity of the 
Mo (112) peak reduces significantly and the intensity of the Mo (110) peak increases by 
several orders of magnitude. This can be explained by the fact that barrier layers deposited 
at a higher N2 flow possess better stoichiometry and crystallinity, which favours the growth 
of the subsequently deposited Mo films. Single crystalline Mo films with preferred grain 
orientations in the <110> direction were reported to have the highest work function of 4.9 
eV [36]. Hence, the TiN barrier layer enhanced (110)-orientated Mo film can be used to 
reduce the contact resistance of the Mo/CIGS contact, which in turn should result in a 
higher solar cell efficiency [194, 195].  
The FWHM and mean crystalline grain size calculated using the Scherrer equation is 
plotted in Fig. 5.5 as a function of the N2 flow. As shown in this graph, the FWHM of the 
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Mo (110) peak decreases with increasing N2 flow. This indicates that higher-quality Mo 
can be formed on stoichiometric TiN barrier layers for N2 flows above 6 sccm during TiN 
barrier layer deposition. 
 
Fig. 5.4. XRD patterns of SLG/TiN films (left column) and SLG/TiN/Mo (right column) 
with TiN deposited at different N2 flow (a) 3.5 sccm, (b) 6.0 sccm and (c) 8.0 sccm. 
 
Fig. 5.5. FWHM and grain size of SLG/TiN/Mo films as a function of increasing N2 gas 
flow during TiN barrier layer deposition.  

















































































































































5.3.2.2. Surface morphology  
The surface morphology of the films was studied with the AFM and SEM methods. AFM 
images of Glass/TiN and Glass/TiN/Mo samples are shown in Fig. 5.6. The AFM image 
reveals that the introduction of a TiN barrier layer helps to reduce the roughness of the Mo 
film. The observed surface roughness of the Mo films (RMS = 2.99 nm) with TiN barrier 
layer is significantly lower than that of the Mo films (RMS = 7.0 nm, see Fig. 4.14 in 
Chapter 4) deposited directly on bare glass substrates. A Mo film with a smooth surface is 
prefered for rear contact application in CIGS solar cells [83, 196]. 
 
Fig. 5.6. 3-D AFM images of SLG/TiN and SLG/TiN/Mo films with different nitrogen gas 
flows (a), (d) N2=3.5, (b), (e) N2=6.0 and (c), (f) N2=8.0 sccm in the TiN barrier layer 
deposition process. 
Surface and cross-section morphologies of Glass/TiN/Mo films studied by SEM are shown 
in Fig. 5.7. In the cross-sectional SEM images [Figs. 5.7 (a)-(c)], the boundaries between 
the TiN barrier layers and the subsequently deposited Mo films are seen clearly and the 
estimated thicknesses of the TiN and Mo films are about 200 and 900 nm, which is in good 
agreement with the values obtained from stylus profiler measurements (not shown here). 
Furthermore, it can be clearly seen from the cross-sectional SEM images that the grain size 
of the bottom TiN films is much smaller than that of the Mo top layers. For TiN films 
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deposited at low and medium N2 gas flow conditions, the columnar structure shows clear 
grain boundaries and the columns do not extend across the whole TiN film thickness. When 
the N2 gas flow increases to 8.0 sccm, the size of the TiN grains increases notably and the 
columnar structures of the Mo grains evolve throughout the films thickness, indicating 
increased Mo grain size. From the SEM surface measurements [Figs. 5.7 (d)-(f)] it is 
evident that the grain size of the Mo films increased with increasing N2 gas flow during the 
TiN  deposition, which is consistent with the XRD measurements (see Fig. 5.5). 
 
Fig. 5.7. Morphologies of TiN/Mo films deposited with different N2 gas flows, as measured 
with the SEM: (a)-(c) cross-sectional SEM images and (d)-(f) corresponding surface SEM 
images. 
5.3.2.3 Electro-optical properties  
The sheet resistance measured with the four-point probe method and the average optical 
reflectance in the visible region calculated from UV-Vis spectroscopy of SLG/TiN/Mo 
samples are plotted in Fig. 5.8 as functions of the N2 flow used for TiN barrier deposition. 
Since the Mo deposition condition was kept constant, the observed changes are attributed 
to the TiN barrier layer. 
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As shown in the literature, the resistivity of the TiN films fully depends on the stoichio-
metry and the intensity of the TiN (111) grain orientation [197-199]. A pronounced TiN 
(111) peak is observed for the TiN film deposited with 8 sccm N2 (see Fig 5.4). Hence, the 
observed lower sheet resistance of the Mo sample deposited on fully crystallized TiN (film 
deposited at 8 sccm) from Fig. 5.8 can be attributed to better stoichiometry and crystallinity 
of the TiN and the subsequently grown Mo film. From Fig. 5.8, it also follows that the 
average optical reflectivity in the visible region tends to decrease slightly with increasing 
N2 flow, which can be attributed to the effect of Mo grain growth and increasing void 
fraction (see surface SEM images in Fig. 5.7). 
 
Fig. 5.8. Sheet resistance and average optical reflectance in the visible region of 
SLG/TiN/Mo films a function of N2 flow used for TiN barrier deposition. 
5.4 Mo rear contact with SiN barrier layer 
5.4.1 Optimization of SiN deposition 
Magnetron sputter deposited transparent silicon nitride (SiN) thin films have shown 
excellent barrier properties for Na out-diffusion from the glass substrate [200, 201], due to 
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depend strongly on the deposition conditions and the film thickness. At high temperatures, 
the SiN can decompose into a Si metal and N2 gas [204]. Hence, it is important to optimize 
the SiN thin film deposition process to obtain stoichiometric SiN. Since the hardness, 
optical bandgap and density of silicon nitride films are influenced by the N/Si ratio, it is 
very important to adjust the Ar/N2 flow ratio during the sputter deposition process. The 
optical bandgap was reported to increase with increased N/Si ratio in the films, indicating 
that higher optical bandgap values can be obtained with more stoichiometric films [203, 
205]. The thickness of the SiN film is also critical: increasing it will improve the barrier 
property; however, intrinsic stress in the reactively sputter-deposited SiN film might cause 
adhesion problems. Thus, 50 nm thick SiN films were deposited at different pressure 
conditions for barrier layer applications. During the SiN thin film deposition, the N2 gas 
flow was kept constant at 30 sccm while the Ar gas flow was varied from 120 to 180 sccm 
to adjust the N/Si ratio and the chamber pressure.  
The optical properties of the SiN films on glass substrates were studied by UV-Vis 
spectroscopy and spectroscopic ellipsometry. Figure 5.9 shows the transmission (T), 
reflectance (R) and absorption (1 - T - R) of the SiN films deposited at different Ar gas 
flow conditions. As shown in Fig. 5.9, the SiN films deposited at a higher Ar flow showed 
a more stoichiometric behaviour: higher transmission, lower reflectance and lower 
absorption. At higher Ar flow rates, the energy of the Ar+ atoms reduced due to the higher 
collision rate. Thus, there were fewer target material atoms ejected from the surface of the 
target for chemical reaction with the N2 to form a SiN film with a higher N/Si ratio on the 
substrate. As a result, more stoichiometric SiN films were obtained at higher Ar gas flows.  
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Fig. 5.9. Transmission (T), reflectance (R) and absorption (1 - T - R) spectra of SiN films 
deposited at three different Ar gas flows. 
The psi (ψ) and delta (Δ) of the films measured by spectroscopic ellipsometry (SE) were 
fitted with the Spectroscopic Ellipsometry Analysis (SEA) software. The optical refractive 
index (n) and extinction coefficient (k) of the SiN films derived from the analysis of the SE 
measurements are shown in Fig. 5.10(a). The ψ and Δ curves of the samples measured at 
incident angles of 56° and 65° were fitted well by the SEA software, from which the optical 
bandgap, surface roughness and thickness of the films were obtained (see Table 5.2). The 
optical bandgap of the SiN films increased from 4.52 to 4.70 eV with increasing Ar gas 
flow, indicating that stoichiometric films are obtained at a higher Ar gas flow. These results 
are consistent with reports in the literature showing that the bandgap value varies from 4.55 
to 5.30 eV, depending on the deposition conditions [205, 206]. The surface roughness of 
the films reduced from 5 nm to 3 nm with increasing Ar gas flow. The thickness of the 
films was about 50 nm, which was confirmed by both the SEA fitting of the SE measure-
ment and the CODE fitting of transmission curves. Small thickness deviations between 
these two approaches may be caused by the inaccurate optical data of the soda-lime glass 
in the database of the SEA software. For the barrier layer applications, 50 nm thick SiN 


















 Code fitting, d=47. 1nm
 Code fitting, d=44. 2nm
 Code fitting, d=40. 5nm
T




























deposited at a high Ar flow of 180 sccm was used, giving a high optical transmission and 
a wide optical bandgap.  
 
Fig. 5.10. (a) Optical constant refractive index (n) and extinction coefficient (k) derived 
from spectroscopic ellipsometry (SE) measurement. The dots and solid lines represent 
measured data and fitted results respectively. (b) The psi of SiN films from SE 
measurement at 56° and 65° (solid lines), and the corresponding fitted data (dashed lines), 




Table 5.2. Optical bandgap, surface roughness and film thickness fitted with the optical 
model in the SEA software. For comparison, the CODE results from fitting of measured 
transmission curves are also shown. 
Methods Parameters Ar:N2=120:30 Ar:N2=150:30 Ar:N2=180:30 
 
SE 
Optical bandgap [eV] 4.52 4.62 4.70 
Surface roughness [nm] 5.0 2.9 3.0 
Thickness [nm] 52.2 55.6 57.5 
CODE Thickness [nm] 47.1 44.2 40.5 
 
 
5.4.2 Characterisation of Mo rear electrode with SiN diffusion barrier layer 
5.4.2.1 Crystalline quality  
Grazing incidence angle X-ray diffraction (GIXRD) studies were carried out to understand 
the film structure. The GIXRD pattern recorded for a Mo film (900 nm) on a SiN barrier 
layer is shown in Fig. 5.11. From this figure, it is evident that this Mo film has a preferred 




Fig. 5.11. XRD pattern of a Glass/SiN/Mo(900 nm) sample. The SiN film was deposited 
with an Ar flow of 180 sccm.  
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Mo (110)
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5.4.2.2. Surface morphology  
The surface morphology of Mo back electrodes deposited on SiN barrier layers was studied 
by AFM and SEM, see Figs. 5.12 and 5.13. The AFM measurements reveal that the surface 
roughnesses of all three Mo electrodes are similar, and that they are independent of the Mo 
film thickness and the Ar gas flow. This confirms that Mo rear contacts with a smoother 
surface can be obtained using a SiN barrier layer. The obtained RMS value is much lower 
than the values measured for the Mo films deposited on bare glass (see Section 4.3.7 for 
details). The SEM surface images of Fig. 5.12 reveal that the grain size of the Mo films 
increased with increasing Mo thickness. It is also worth mentioning that the thicknesses 
measured from cross-sectional SEM images  agree well with the estimated thicknesses. 
 
Fig. 5.12. 3-D AFM images of Mo films with SiN barrier layer deposited at different Ar 
flows: (a) Ar = 120 sccm, RMS = 3.49 nm, (b) Ar = 150 sccm, RMS = 4.07 nm, and (c) Ar 
= 180 sccm, RMS = 3.21 nm.  
 
Fig. 5.13. Morphologies of SiN/Mo films deposited with different N2 gas flows, as 
measured with the SEM: (a)-(c) surface SEM images and (d)-(f) corresponding cross-
sectional SEM images. 
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5.4.4.3 Electro-optical properties 
The sheet resistance and average reflectance in the visible region as functions of the Mo 
thickness are shown in Fig. 5.14. From this figure, it can be seen that both the sheet resis-
tance and the average reflectance in the visible region decrease with increasing Mo thick-
ness. It should be noted that even with reduced Mo thickness (450 nm) a low sheet 
resistance (less than 0.5 Ohm/sq) and a high optical reflectance in the visible region 
(average reflectance 51.8%) were obtained using a SiN barrier. Thus, even for a thin Mo 
film (450 nm), the SiN barrier layer still fully satisfies the requirements of back electrodes 
for CIGS solar cell applications. 
It is noted that the 900 nm thick single-layer Mo film deposited at 1.5×10-3 mbar had a 
sheet resistance of 0.33 Ohm/sq. When a SiN barrier layer was added, the sheet resistance 
of the Mo film decreased to 0.28 Ohm/sq. The enhanced electrical conductance of the Mo 
film is attributed to the barrier layer’s ability to block Na diffusion from the glass substrate 
into the Mo film, as reports in the literature show that Na diffusion from the SLG substrate 
into the Mo film degrades the electrical conductivity of Mo films [187, 188, 207].  
  
 
Fig. 5.14. The sheet resistance and average reflectance of Glass/SiN/Mo in the visible 
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5.5 Summary of the chapter 
The experimental conditions of reactive magnetron sputter deposited TiN and SiN barrier 
layers were optimized based on two different criteria: the hysteresis effect during reactive 
sputtering of TiN and the high optical transmission of stoichiometric SiN films. Our experi-
ments showed that it is more favourable to increase the N2 flow rate during TiN deposition 
and to increase the Ar gas flow during SiN deposition. The adhesion of the Mo films on 
the SLG substrates was found to be enhanced for the optimized TiN and SiN barrier layers, 
indicating that these two barrier layers also serve as adhesion enhancement layers. 
 
Fig. 5.15. Adhesion test (tape test) photos of (a) SLG/Mo (low pressure deposited single-
layer Mo), (b) SLG/TiN/Mo, and (c) SLG/SiN/Mo. 
The crystallinity of the Mo films is improved by both barrier layers (TiN and SiN). The 
TiN barrier layer significantly increases the Mo grain size (from 20.2 nm to 23.7 nm).   The 
surface roughness of the Mo films can also be reduced significantly by TiN and SiN barrier 
layers (from 7 to 3 nm). The sheet resistance of the Mo films, which is critical for rear 
contact applications in CIGS solar cells, is slightly reduced by the SiN barrier layer (from 
0.32 to 0.28 Ohm/sq for a 900-nm Mo film). Therefore, it is possible to reduce the thickness 
of the Mo layer with the help of a barrier layer. The barrier properties of TiN and SiN films 
against the diffusion of Na atoms will be investigated in Chapter 6. 
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Chapter 6 Preparation and characterisation of CIGS solar 
cells with various rear contact structures 
6.1 Introduction 
In the previous chapters, different rear contact configurations were presented: (1) Glass/Mo: 
Bilayer Mo rear contact design consisting of a high pressure deposited bottom layer to 
enhance the adhesion, and a low pressure deposited top layer to ensure good electrical and 
optical properties; (2) Glass/TiN(or SiN)/Mo: Bilayer stack design, in which a thin barrier 
layer (TiN or SiN) is used to enhance the adhesion and prevent impurity diffusion from  
the substrate. The electrical, physical and optical properties of different rear contact stack 
designs were systematically investigated.  In this chapter, in addition to these back contact 
designs, sodium doped Mo (Mo:Na 5 at. %) is utilised as an extrinsic Na source to fabricate 
CIGS cells. The Mo:Na layer is deposited by magnetron sputtering at room temperature 
conditions without any substrate heating (see Table 6.1 for more details). 
Prior to preparing CIGS cells on these modified rear contacts, in order to understand the 
influence of various glass substrates on the CIGS absorber quality, CIGS absorbers are 
prepared on different bare glass substrates, and their morphology and electrical properties 
are systematically studied. Next, the various rear contact structures discussed in Chapters 
4 and 5 are utilized for CIGS solar cell fabrication. In addition, various characterisation 
methods are applied to analyse and improve the performance of the solar cells. Efforts are 
taken to understand the difference in Na diffusion (from the glass substrate) and their 
effects on MoSe2 intermediate layer formation during the high-temperature CIGS absorber 
formation process. The performances of solar cells and mini-modules formed on these rear 
contacts are also presented. 
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6.2 Experimental details 
The different glass substrates and rear contact designs utilized in this thesis for CIGS 
device fabrication are shown in Fig. 6.1. The optimized deposition conditions of the 
individual layers used to form various back contact stack designs are summarised in Table 
6.1. Bilayer Mo films comprising of a HP deposited bottom Mo layer and a LP deposited 
top Mo layer are deposited on three different glass substrates with different Na 
concentrations: extra clear glass (solar grade opti-white diamond glass, Dia, high Na 
concentration), soda-lime glass (SLG, intermediate Na concentration), borosilicate glass 
(Boro, negligible Na concentration), see Figs. 6.1(a)-(c). On Na-free borosilicate glass 
substrate, for comparative purposes, an additional 200 nm thick Mo:Na film is deposited 
on top of the bilayer Mo stack, as an extrinsic Na source [see Fig. 6.1(d)]. In addition, TiN 
and SiN thin films are utilised as diffusion barrier and adhesion enhancement layer for a 
LP deposited 500-nm Mo film on SLG substrates [see Fig. 6.1.(e) and (g)]. Finally, a 200 
nm thick Mo:Na layer, used as extrinsic Na source, is deposited onto these rear contacts 
with a TiN or SiN barrier layer [see Fig. 6.1(f) and (h)]. 
 
Fig. 6.1. Different rear contact designs applied for CIGS solar cell fabrication: (a) Dia/Mo, 
(b) SLG/Mo, (c) Boro/Mo, (d) Boro/MoNa, (e) SLG/TiN/Mo, (f) SLG/TiN/MoNa, (g) 
SLG/SiN/Mo, and (h) SLG/SiN/MoNa. 
The Mo rear electrodes were cut into 10 cm × 10 cm substrates for CuGa/In precursor 
deposition and CIGS absorber deposition. Multilayer CuGa/In/CuGa/In four layer stack 
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design was used to prepare the Cu-In-Ga precursor. The selenisation of the precursor was 
performed in nitrogen atmosphere at ambient pressure using an inline rapid thermal 
processing (RTP) furnace supplied by the Smit Thermal Solutions, Netherlands. The heater 
temperatures of the RTP were 580 oC and the duration of the high temperature process was 
about 12 minutes. Thermally evaporated (420 oC ) Se vapour was used as the Se source to 
form CIGS absorber layer.. There are many advantages in using elemental Se vapour other 
than toxic H2Se as Se source such low cost, easy-handling and less absorber process time. 
The average CGI ([Cu]/([Ga]+[In])) and GGI ([Ga]/([Ga]+[In])) ratios of the CIGS 
absorber measured by XRF were about 0.93 and 0.30, respectively. Cells with these CGI 
and GGI ratios are reported to achieve high efficiencies above 20% [12, 48, 208]. 
Table 6.1. Optimised deposition conditions of TiN, SiN, Mo and Mo:Na layers used to 




















TiN 50 2 4.36 120 8 3.0 25 2 
SiN 50 1 2.18 180 30 6.0 25 4 
Mo(HP) 275 2 4.36 330 0 6.0 25 6 
Mo(LP) 275 2 4.36 50 0 1.5 25 6 
Mo:Na 200 2 4.36 120 0 3.0 25 6 
 
 
During the high-temperature absorber formation process, the Se content in the absorber 
was controlled by adjusting the Se evaporator source temperature and N2 pick-up flow. 
After the CIGS absorber formation, the glass pane was cut into 6 cm × 6 cm pieces for 
solar cell fabrication by the following steps: CBD deposition of an 80 nm thick CdS buffer 
layer that forms the p-n heterojunction, RF sputter deposition of an 60 nm thick intrinsic 
ZnO film to supress the shunt paths, pulsed DC sputter deposition of an 500 nm thick 
ZnO:Al front electrode film, and DC sputtering deposition of an 900 nm thick Ag grid for 
current collection. Some samples were utilised for detail characterisation by SEM/EDX, 
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XRD, and AFM methods. Each of the completed 6 cm × 6 cm samples contains 12 larger 
solar cells of size 1.2 cm × 1.2 cm (1.4 cm2) and 8 smaller solar cells of size 1.2 cm × 0.6 
cm (0.72 cm2), see Fig. 6.2.  
 
Fig. 6.2. Photograph of the completed solar cells on a 6 cm × 6 cm glass substrate. 
6.3 Influence of glass substrates with different Na contents on CIGS absorbers 
Approximately 1.35 µm thick CIGS absorber layers were formed on three different glass 
substrates with Na content from high to low: extra clear glass (solar grade opti-white 
diamond glass, Dia), soda-lime glass, borosilicate glass. The absorber layers were investi-
gated in terms of surface morphology and electrical properties.  
6.3.1 Morphology  
The morphology of the CIGS absorber prepared (under the same conditions) on different 
types of glass substrates was studied by SEM, see Fig. 6.3. From these SEM images, it is 
evident that, although the CIGS absorbers were prepared using the same selenisation 
process and the same metallic precursor deposition conditions, the morphology of the CIGS 
absorbers varied significantly depending on the glass substrate. 
From Fig 6.3, it can be seen that white pigment like precipitates are observed on the surface 
of the absorbers formed on Na-containing glass substrates [see Figs. 6.3(a) and (b)]. This 
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can be attributed either to Na2Sex formation (by a reaction of Na from the glass substrate 
with excess Se during the selenisation process) or NaSeO3 formation (by the reaction of 
Na2Sex on the surface of the CIGS layer with oxygen in the atmosphere after exposure to 
air) [31]. When the Na concentration in the CIGS absorber is excessive, it is most probable 
that the grain boundaries are covered by sodium selenides and hence they are not clearly 
visible in Fig. 6.3(a). However, in the case of CIGS layers formed on Na-free borosilicate 
glass substrates, the grain boundaries can be seen clearly [see Fig. 6.3(c)]. 
 
Fig. 6.3. Surface SEM images of CIGS absorbers formed on (a) diamond glass (Dia), (b) 
SL glass (SLG), and (c) Boro glass (borosilicate glass), and the corresponding cross-
sectional SEM images (e), (f) and (g). The red circles highlight the white pigments on the 
surface of CIGS films formed on Na-containing glass substrates. 
In addition, the grain size of the CIGS films formed on different glass substrates, as 
observed from surface and cross-sectional SEM images, shows opposite trends with respect 
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to the Na concentration (see Fig. 6.3). The surface grain size of the CIGS films is observed 
to reduce when the Na content in the substrate decreases  [see Figs. 6.3(a)-1(c)], while 
more columnar grains are found with decreasing Na content in the substrate [see Figs. 
6.3(e)-1(g)]. Na diffusion to the front surface of the CIGS absorber is beneficial for forming 
large crystallites near the front surface. The CuInSe2 on the CIGS surface can be formed 
through the reaction of either CuSe2 or CuSe with InSe. However, the grain size of Cu2Se 
is larger than that of CuSe [209, 210]. The sodium selenide formed at the front surface of 
the CIGS can act as a Se source to promote the formation of larger CuSe2 grains, resulting 
in large CIS grains near the surface. At the same time, the diffused Na suppresses the 
CuInSe2 formation via reaction of smaller grain CuSe with InSe. 
However, the growth of the CuInSe2 and CuGaSe2 columnar grains across the film 
thickness requires different formation energy, time and temperature during the selenisation 
process, which affects the CIGS grain growth. For example, the reaction time required for 
the formation of CuGaSe2 is six times longer than that for the formation of CuInSe2 [211], 
and a higher temperature is required to form CuGaSe2. As a consequence, during CIGS 
formation, the CuInSe2 grains tend to grow faster than the CuGaSe2 grains. Furthermore, 
the Cu(In1-xGax)Se2 crystal is achieved by the inter-diffusion of In and Ga atoms [210, 212]. 
However, the Na presence in the grain boundaries tends to occupy the vacancies in the CIS 
and CGS lattice, and thus reduces the In-Ga interdiffusion. As a consequence, the larger-
grain CuInSe2 crystal resides at the top of the film, leaving CuGaSe2 at the back surface 
near the Mo interface. Hence, Ga tends to accumulate at the rear and In at the front surface 
of the CIGS film. From Figs. 6.3(d) and (e), in the case of CIGS layers deposited on Na-
containing substrates, smaller CuGaSe2 grains were observed near the Mo/CIGS interface. 
The measured Ga and In contents will be discussed in Section 6.4. By comparing CIGS 
absorbers grown on three types of glass substrates, it follows that the CIGS absorber grown 
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on borosilicate glass [Fig. 6.3(f)] has relatively large grains at the rear, due to In diffusion 
from the front to the rear surface. 
Thus, Na diffusion to the front surface of the CIGS absorber is beneficial for forming large 
crystallites near the front surface; however, it reduces the grain size throughout the bulk of 
the film, by postponing diffusion of In and Ga atoms to form a uniform CIGS layer. 
  
6.3.2 Hall measurements 
In order to determine the influence of the Na concentration of the glass substrate on the 
electrical properties of CIGS layers, room temperature Hall measurements were conducted 
on the samples formed on different bare glass substrates. There was no post-deposition 
heating applied to these samples. The Hall measurement results listed in Table 6.2 reveal 
that the Na content in the glass substrate has a great impact on the electrical properties of 
the CIGS absorber. Irrespective of the substrates used, all the samples show p-type conduc-
tivity. For the CIGS layer formed on Na-free borosilicate glass, the carrier concentration 
and resistivity were measured to be 1.03×1013 cm-3 and 7530 Ohm·cm, respectively. In 
contrast, for the CIGS layer formed on Na-containing substrates, the carrier concentration 
increased significantly by four orders of magnitude to about 2.6×1017 cm-3 and the 
resistivity reduced greatly to about 12 Ohm·cm. Due to the lower CGI ratio (below the 
stoichiometric value) of the absorber, the Cu vacancies behave like acceptor defects and 
give rise to p-type conductivity. The Na atoms from the substrate tend to reduce the metal 
vacancy VCu by forming NaCu antisites, which are electrically inactive and prevent the 
formation of InCu, which contributes electrons and reduces the p-type conductivity, 
therefore resulting in an increased majority carrier concentration [92, 213, 214]. In contrast, 
the mobility dropped significantly for Na-containing substrates, from 80.5 cm2/Vs for the 
samples formed on the Na-free borosilicate glass substrate to about 2 cm2/Vs for the other 
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two samples. This can be interpreted as the lower electron concentration in NaCu-containing 
CIGS material compared with InCu rich material, for which the excess electrons contribute 
to an improved average carrier mobility [215, 216]. In addition, the grain size of CIGS 
films formed on Na-containing glass substrates was small and non-uniform across the film 
thickness, as seen in the SEM cross-sectional images (see Fig 6.3). Thus, the inter-grain 
potential barriers were high due to Na diffusion from the substrates into the CIGS layer, 
which was a major obstacle to the carrier mobility [102].  
Table 6.2. Hall measurement results of SERIS’ CIGS layers deposited on different bare 
glass substrates. For reference, and the electrical parameters of NREL’s CIGS absorber 















Boro/CIGS 1.35 80.5 1.03×1013 7.53k 55.8M 
SLG/CIGS 1.35 1.93 2.67×1017 12.1 89.5k 
Dia/CIGS 1.35 2.08 2.57×1017 11.7 86.5k 
NREL (before RTA) 1.50 2.80 3.16 ×1016 70.5 470k 
NREL (after RTA @ 
300 C) 
1.50 6.77 2.19×1017 4.21 28.0k 
 
No significant difference in the Hall measurements was observed for the samples deposited 
on the SLG and diamond glass containing different Na content, which was due to the 
limited Na solubility in the absorber [217, 218]. The Hall measurements results of NREL 
samples before and after rapid thermal annealing (RTA) of the CIGS absorber were used 
for comparison [219]. Compared with their sample before RTA, the mobility of the samples 
formed on Na-containing glass substrates was at the same level, but the carrier concen-
tration was much higher. However, after RTA treatment, their sample performance had 
improved significantly mainly due to decreased sheet resistance, which is lower than the 
values of the samples prepared in SERIS. Therefore, RTA plays a significant role in 
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improving the films’ electrical properties, providing useful insight for the formation of 
high-quality CIGS absorbers. 
 
6.4 Influences of different rear contacts on the properties of the CIGS solar cells 
The crystal structure and electrical properties of the investigated rear contacts are 
summarised in Table 6.3. From this table, it can be seen that the grain size estimated from 
the XRD measurements was around 30 nm in each case and the observed smaller full width 
at half maximum (FWHM) value of CIGS peak indicates good crystallinity. 
Table 6.3. Properties of Mo and modified Mo rear contacts measured by XRD and four 

















Boro/Mo 40.78 0.275 30.84 574 0.55 31.6 
Boro/MoNa 40.75 0.302 28.08 742 0.65 48.2 
Dia/Mo 40.54 0.272 31.16 550 0.72 39.6 
SLG/Mo 40.54 0.262 32.35 562 0.59 33.2 
SLG/TiN/Mo 40.63 0.272 31.17 504 0.40 20.2 
SLG/TiN/MoNa 40.57 0.294 28.83 749 0.58 43.4 
SLG/SiN/Mo 40.57 0.261 32.48 482 0.46 22.2 
SLG/SiN/MoNa 40.57 0.278 30.49 698 0.49 34.2 
 
 
From this table, it can be observed that the resistivity of the bilayer Mo rear contacts 
deposited directly onto glass substrates increased significantly with increasing Na content 
of the glass, from 31.6 µΩcm on borosilicate glass to 39.6 µΩcm on diamond glass, due to 
Na diffusion from the glass into the Mo film. In contrast, the resistivity of the modified Mo 
rear contacts using a TiN or SiN barrier layer (to reduce Na diffusion) was significantly 
reduced. Another important finding is that the additional MoNa capping layer increased 
the resistivity of the modified rear contacts deposited onto a TiN or SiN barrier layer.  
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6.4.1 Surface morphology 
The surface morphology of the CIGS films formed on different rear contact structures was 
studied by SEM, see Fig. 6.4. The surface grain boundaries of boro/Mo/CIGS and 
SLG/SiN/Mo/CIGS samples are clearly observed in Figs. 6.4(c) and (g), while white Na2Se 
precipitates are found on the surface of SLG/TiN/Mo/CIGS samples and samples having a 
Mo:Na layer at the rear contact as well. 
The grain size of the CIGS films formed on bilayer Mo-coated diamond glass and soda-
lime glass was much larger than that of the CIGS film formed on borosilicate glass, which 
was attributed to Na diffusion from the glass substrate through the bilayer Mo rear contact 
into the absorber. Thus, Na can diffuse through the grain boundaries between the columnar 
structures of bilayer Mo films. The addition of a 200 nm thick Mo:Na layer on top of the 
bilayer Mo rear contact slightly increased the grain size of the CIGS film. For the modified 
rear contacts deposited on SLG substrates, the grain size of the CIGS films formed on 
SLG/TiN/Mo rear contacts was much larger than that of CIGS films formed on 
SLG/SiN/Mo rear contacts [see Fig. 6.4(g)]. In addition, the grain sizes of the Mo films 
deposited on SLG/SiN/Mo and on Boro/Mo substrates were quite similar (in the 0.5-1 m 
range). These two findings indicate that a SiN barrier layer is more efficient in terms of 
blocking the Na diffusion from the soda-lime glass substrate than a TiN barrier layer. Using 
a Mo:Na film as extrinsic Na source, the grain size of the CIGS films formed on SLG 
substrates with a TiN or SiN barrier layer were in the same range (about 1-3 μm) as those 




Fig. 6.4. Surface SEM images of CIGS absorbers formed on (a) Dia/Mo, (b) SLG/Mo, 
(c) Boro/Mo, (d) Boro/MoNa, (e) SLG/TiN/Mo, (f) SLG/TiN/MoNa, (g) SLG/SiN/Mo, (h) 
SLG/SiN/MoNa. 
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The grain sizes of the CIGS absorber were measured via surface SEM images. Histogram 
plot of the CIGS absorber grain size formed on different glass substrates and rear contacts 
are plotted (see Fig. 6.7).The calculated average grain sizes are also shown in Fig. 6.5. It 
is clearly shown that the Na incorporation either from the glass substrate or from the Mo:Na 
layer can enhance the CIGS grain size. It also should pointed that the CIGS deposited on 
the SLG/TiN/Mo substrate showed the best uniformity. 
 
Fig. 6.5. Histogram plot of the CIGS absorber grain size formed on (a) Dia/Mo, (b) 
SLG/Mo, (c) Boro/Mo, (d) Boro/MoNa, (e) SLG/TiN/Mo, (f) SLG/TiN/MoNa, (g) 
SLG/SiN/Mo, (h) SLG/SiN/MoNa. 
AFM measurements taken on CIGS absorbers formed on different rear contacts are shown 
in Fig. 6.6. It can be seen that all samples show relatively low RMS values below 120 nm, 
indicating a smooth absorber surface [220, 221]. The RMS values of CIGS layers formed 
on the diamond and soda-lime glasses were about 90 nm, while that of the absorbers formed 
on borosilicate glass was about 10 nm higher. This can be attributed to the effect of Na 
diffusion from the glass substrates, which favors the formation of Na2Se compounds at the 
grain boundaries of the absorber surface region (see the white precipitates in the top-view 
SEM images of the CIGS absorber in Figs. 6.4(a) and (b)), therefore reducing the surface 
roughness. However, for the absorbers formed on borosilicate glass with a Mo:Na layer as 
additional Na source, the roughness increased from 103 to 112 nm, indicating that the Na 
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in the MoNa layer was not enough to ensure sufficient diffusion of Na atoms to the CIGS 
front surface and reaction with Se in the selenisation process to form sodium selenide. As 
reported in the literature, most of the Na atoms in a Mo:Na layer are located inside the Mo 
grains while fewer are located at the grain boundaries, resulting in insufficient utilization 
of Na in the CIGS absorber [91, 222].  
For the samples deposited on modified rear contacts with a barrier layer, 
SLG/TiN/Mo/CIGS showed reduced surface roughness compared to SLG/SiN/Mo/CIGS, 
which can be attributed to more effective barrier properties of SiN against Na diffusion 
from the SLG substrate compared with a TiN barrier layer, inhibiting the formation of 
Na2Se. This is consistent with the previous results, stating that Na diffusion leads to a 
smoother CIGS front surface. Moreover, the addition of a Mo:Na layer to SLG/SiN/Mo 
rear contacts reduces the CIGS surface roughness, which again supports the claim that an 
appropriate Na concentration within the CIGS film indeed smoothes the CIGS surface.  
 
Fig. 6.6. AFM images of CIGS absorbers formed on different glass substrates and rear 
contacts: (a) Dia/Mo, (b) SLG/Mo, (c) Boro/Mo, (d) Boro/MoNa, (e) SLG/TiN/Mo, 
(f) SLG/TiN/MoNa, (g) SLG/SiN/Mo, and (h) SLG/SiN/MoNa. 
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6.4.2 Elemental distributions throughout the CIGS solar cells 
As described in the previous sections, the electrical and morphological properties of the 
formed CIGS absorbers are strongly influenced by the presence of alkali elements (Na) in 
the substrate. In order to understand the barrier properties of SiN and TiN films against Na 
diffusion, elemental depth profiles were measured with SIMS on completed CIGS solar 
cells having Mo and modified Mo rear electrodes with a SiN or TiN barrier layer, see Fig. 
6.7. From Figs. 6.7(a)-(c), it is evident that the CIGS absorbers are In-rich at the front 
surface and Ga-rich at the rear surface, which is typical for CIGS films prepared with the 
two-step process. The calculated Se to metal ratio (Se/M: [Se]/([Cu]+[In]+[Ga]) in the 
CIGS absorber was about 1.0 for all three samples. At the rear surface of the absorber, 
there was a significant difference in Se at.% among the samples deposited with different 
rear contacts, as highlighted in Fig. 6.7. The highest Se at.% point at the rear surface of the 
absorbers with Mo, TiN/Mo, and SiN/Mo rear contacts were 55.5%, 54.5%, and 49.1%, 
respectively.  
There were also noticeable differences in the Na distribution throughout the CIGS solar 
cells with different rear contact structures. The Na content in the CIGS absorber deposited 
on SLG/Mo rear contacts was around 0.1 at. %, which was reduced by a factor of 2 in the 
samples deposited on SLG/TiN/Mo rear contacts, and by one order of magnitude in the 
samples formed on a SLG/SiN/Mo rear barrier layer. The results verify the previous 
conclusion that the SiN film was more effective than the TiN film to block Na diffusion 
from the SLG as shown in Fig. 6.7(d), due to the amorphous structure of SiN and the poly-
crystalline structure of TiN. For the amorphous SiN barrier layer, the Na diffusion was 
slowed down by the tiny grain boundaries, while for the polycrystalline TiN barrier layer, 
the Na atoms can diffuse along the grain boundaries of the TiN film. 
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It is also interesting to note that that the Na content is high at the front and rear surfaces of 
the absorber. At the front, the Na is accumulated at the CIGS/CdS interface. The location 
of Na at the junction interface has been reported to have an impact on the performance of 
the solar cells, which will be discussed in Section 6.4.4. It is also notable that the Na content 
is different in AZO layer for cells prepared on Mo rear electrodes with or without barrier 
layer. For example, the Na concentration in AZO layer of samples with SLG/Mo rear 
contacts is significantly higher than that of the samples with barrier layer (SLG/TiN/Mo 
and SLG/SiN/Mo). The observed high Na concentration in the AZO layer for the samples 
without barrier can be attributed to the lateral Na diffusion after device fabrication, which 
was reported to deteriorate the long-term stability of CIGS solar cells [23, 223]. In addition, 
at the rear surface of the CIGS absorber, the high Na and Se contents form the sodium 
selenide compounds, which is critical for the formation of the MoSe2 layer between the Mo 
rear contacts and the CIGS absorber. Thus, in the next section, the effects of Na diffusion 
and selenisation process on the formation of MoSe2 and the crystallinity of CIGS absorber 
will be discussed, in order to provide explanations for the observed elemental distribution 




Fig. 6.7. SIMS profiles of completed CIGS solar cells with different rear contacts: 
(a) SLG/Mo, (b) SLG/TiN/Mo, (c) SLG/SiN/Mo, and (d) sodium concentration. 

















































































































































6.4.3 Crystallinity of the CIGS absorber and the MoSe2 layer 
As discussed in Chapters 1 and 2, the rear contact properties have a strong influence on the 
formation of intermediate MoSe2 layer and the properties of the formed CIGS absorber 
layer. The MoSe2 layer plays a significant role in ensuring a low contact resistance and 
good adhesion of the CIGS absorber to the rear contact. The CIGS layer delaminates from 
the Mo coated substrate after CdS buffer layer deposition if its adhesion to the substrate is 
not promoted by the MoSe2 layer. The existence of a thin MoSe2 layer can decrease the 
apparent Schottky barrier height and thereby provide a better ohmic contact to the CIGS 
absorber. Simultaneously, MoSe2 is able to enhance the mechanical peel strength of CIGS 
to Mo back contact. However, an excessive thickness of the MoSe2 layer is reported to 
deteriorate the performance of the CIGS solar cells due to the high resistivity of MoSe2 
(101 - 104 Ohm-cm) [31]. Formation of MoSe2 depends mainly on the selenisation process 
and the Na diffusion from the substrate. Moreover, the preferred orientation of the MoSe2 
crystal grains is important for the adhesion of the CIGS layer to the rear contacts. Hence, 
controlling the MoSe2 layer formation and thickness are important for preparing high-
efficiency CIGS solar cells. 
In this study, samples with different Se contents (50 at.% and 57 at.%) in the CIGS absorber 
were fabricated via changing the Se crucible temperature in order to investigate the effect 
of the Se content on the formation of the MoSe2 layer. Figure 6.8 shows SEM/EDX images 
of Se elemental mapping (at.%) across the absorber layer thickness. It can clearly be seen 
that the Se content in Fig. 6.8(a) decreases gradually from the top to the bottom of the 
absorber. At the rear surface of the absorber, i.e. at the Mo/CIGS interface, an approxi-
mately 200 nm thick CIGS layer was found to contain about 33% to 42% of Se, indicating 
a Se-poor absorber. However, for the sample shown in Fig. 6.8(b), the Se is distributed 
uniformly at above 50 at.%, showing a Se-rich absorber. The effects of different rear 
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contacts on the properties of the Se-poor and Se-rich CIGS absorber regions are investi-
gated and discussed in the following sections. 
 
Fig. 6.8. Cross-sectional SEM/EDX Se elemental mapping of CIGS absorbers formed on 
SLG/Mo substrates with different Se contents: (a) Se-poor (50 at.% measured by XRF) and 
(b) Se-rich (57 at.% measured by XRF). The different colours at the bottom denote the 
corresponding atomic percent values.  
6.4.3.1 Se-poor absorber 
The XRF measurement results for the CIGS absorber with 50 at.% Se formed on different 
rear contacts are shown in Table 6.4. The average CGI and GGI ratios of these CIGS 
absorbers are about 0.93 and 0.30. The calculated Se/M ([Se]/([Cu]+[In]+[Ga]) ratio was 
slightly higher than 2.0. It is reported that the excess Se in CIGS solar cells exists in the 
form of a MoSe2 layer [224]. The thickness of the MoSe2 ( 𝑡𝑀𝑜𝑆𝑒2) layer can be estimated 









                                    (6.1) 
where 𝐶𝑆𝑒
𝑒𝑥𝑝
 is the atomic percentage of Se in the absorber as measured by XRF, 𝐶𝑆𝑒
𝑛𝑜𝑚 is 
the nominal atomic percentage of Se in the absorber, 𝐶𝑆𝑒
𝑀𝑜𝑆𝑒2 is the atomic percentage of 
Se in the MoSe2 (i.e. 0.67), 𝑛𝐶𝐼𝐺𝑆 is the atomic density of CIGS (i.e. 4.23×10
22 cm-3), and 
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𝑛𝑀𝑜𝑆𝑒2 is atomic density of MoSe2 (i.e. 5.15×10
22 cm-3). The nominal atomic percentage 
of Se in the absorber 𝐶𝑆𝑒





                                                          (6.2) 
where x is the GGI ratio ([Ga]/([Ga]+[In]) in the absorber.  
The thickness of the MoSe2 layer estimated using Eq. 6.1 is listed in Table 6.4. The 
estimated thicknesses of the MoSe2 layers of all the samples are quite similar (54 nm). 
Therefore, it is not possible to derive a correlation between the MoSe2 layer thickness and 
the Na content. Also, it is not possible to visibly observe the MoSe2 layer at the Mo/CIGS 
interface from the cross-sectional SEM measurements shown in Fig. 6.8, which indicates 
that the estimated MoSe2 layer thickness (54 nm) from Eq. 6.1 is reliable. Thus, the Na 
concentration is not the only factor that affects the formation of the MoSe2 layer during the 
high-temperature selenisation process.  
Table 6.4. Summary of XRF measurement results for Se-poor CIGS absorbers formed on 
different glass substrates and rear contacts. The MoSe2 layer thickness is estimated by Eq. 
6.1 and assumed to be constant for all samples. 
Sample number 
CGI GGI SeC SeGI Se/M Mo MoSe2 CIGS 
     [nm] [nm] [nm] 
Boro/Mo 0.92 0.31 2.41 2.22 1.15 574 54 1375 
Boro/MoNa 0.94 0.31 2.46 2.31 1.19 742 54 1380 
Dia/Mo 0.93 0.31 2.59 2.41 1.25 562 55 1412 
SLG/Mo 0.93 0.31 2.47 2.30 1.19 550 54 1380 
SLG/TiN/Mo 0.91 0.30 2.48 2.25 1.18 504 54 1375 
SLG/TiN/MoNa 0.89 0.30 2.47 2.21 1.17 749 54 1363 
SLG/SiN/Mo 0.93 0.31 2.40 2.23 1.16 482 54 1392 
SLG/SiN/MoNa 0.93 0.30 2.47 2.28 1.19 698 54 1336 
 
However, it should be noted that the Se/M ratio in the CIGS absorber is higher for SLG/Mo 
and extra clean diamond glass/Mo rear contacts as compared to those with boro/Mo and 
SLG/TiN/Mo (or SLG/SiN/Mo) rear contacts. For example, the Se/M ratio of the absorbers 
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formed on Dia/Mo substrates was the highest (1.25) of the three investigated glass substrate 
types. Thus, Na can assist the incorporation of Se into the absorber by the formation of 
Na2Sex. It should also be noted that the thickness of the CIGS layer increased with 
increasing Na content in the glass substrate, which confirms that a certain percentage of 
Na2Se is always present at the CIGS grain boundaries, and also at the Mo/CIGS interface, 
which was confirmed by the SIMS measurements (see Section 6.4.2). 
The completed solar cells with Se-poor (Se: 50 at.%) CIGS absorber on different rear 
contacts on SLG substrates were measured by SEM/EDX. The results are shown in Fig. 
6.9. From the cross-sectional SEM images (right column of Fig. 6.9), the morphology 
differences in the CIGS grains of samples made on different rear contacts can be clearly 
seen. For the samples with bilayer Mo rear contacts (right column of Fig. 6.9(a)), large 
grains of CIS near the top surface and fine grains of CGS near the rear surface of the CIGS 
absorber are observed. In addition, there exist many voids between the rear contact and the 
absorber. For the other samples with TiN or SiN barrier layer (see Fig. 6.9 (b)-(d)), the 
CIGS grains are much larger and most of the columnar grains extend across the entire CIGS 
film thickness; fewer voids between different grains can be observed, confirming better 
crystallization. The EDX elemental mapping confirmed the uniform Se distribution in the 
CIGS absorber layer. Other elements such as Zn from the ZnO:Al front contact, Cd from 
the CdS buffer, Mo from the rear contact and Ti from the TiN barrier layer are also clearly 
observed in the elemental EDX mappings. The oxygen content in the films is not shown, 
as a quantitative analysis of oxygen cannot be accurately derived from EDX measurements 
due to the oxygen contaminations from the environment. Based on elemental line scanning, 
the Zn content was about 80 at.% in the AZO layer. 
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Fig. 6.9. Cross-sectional SEM images of CIGS solar cells with Se-poor (50 at.%) absorber, 
SEM/EDX elements mapping, and SEM/EDX line scanning of the completed solar cells 
formed on (a) SLG/Mo, (b) SLG/TiN/Mo, (c) SLG/TiN/MoNa, and (d) SLG/SiN/Mo 
substrates.  
The EDX measurements reveal that most of the In is accumulated at the front surface while 
Ga accumulated near the rear surface of the CIGS absorber layer, which agrees with the 
SIMS measurement (see Section 6.4.2). The measurements also reveal that there is no clear 
difference between the In and Ga distributions in Se-poor CIGS absorbers formed on 
different rear contacts, which was also confirmed by the SIMS measurements (see Section 
6.4.2). This behaviour can be attributed to an insufficient selenisation time and it appears 
that a longer annealing time is required for forming a homogeneous CIGS absorber and 
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avoiding the formation of In-rich CIS at the front surface and Ga-rich CGS at the back 
surface. 
 
Fig. 6.10. XRD patterns and the (112) peak profile of CIGS absorbers formed on different 
glass substrates: (a) Diamond/Mo, (b) SLG/Mo, (c) Boro/Mo, and (d) Boro/MoNa. 
Attributions of each XRD peak are indicated in the plot as well. 
The XRD patterns and the (112) peak profile of the Se-poor CIGS absorbers formed on 
different glass substrates and rear contacts are shown in Figs. 6.10 and 6.11. Table 6.5 
summarises the peak intensity and position and other important parameters derived from 
XRD measurements on CIGS absorbers with different rear contact structures. As shown in 
Figs. 6.10 and 6.11, all fabricated CIGS films show a polycrystalline structure, confirming 
the formation of CIGS. Also, there was no reflection peak indicating Cu2-xSe secondary 
phase (2θ = 26.2°). The high intensity of the Mo (110) orientation was found at 2θ = 40.5°. 
The intensity ratio I(220/204)/I(112) was calculated to evaluate the crystal growth of the 
CIGS films (see Table 6.5). There was little variation in the I(220/204)/ I(112) ratio 
between the samples prepared on different glass substrates and rear contacts. A slight 
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reduction in the (220/204) peak intensity was observed in samples deposited on 
SLG/TiN/MoNa and SLG/SiN/MoNa substrates compared to those without Mo:Na layer, 
which was attributed to the extrinsic Na incorporation from the Mo:Na layer [226]. 
 
Fig. 6.11. XRD patterns and the (112) peak profile of CIGS absorbers formed on different 
modified rear contacts: (a) SLG/TiN/Mo, (b) SLG/TiN/MoNa, (c) SLG/SiN/Mo, and (d) 
SLG/SiN/MoNa. 
As confirmed by SEM/EDX and SIMS measurements, the absorbers formed by the two-
step process appear to consist of a bilayer structure: i.e., an In-rich CIS layer near the front 
surface and a Ga-rich CGS layer near the rear surface. The final Cu(In1−xGax)Se2 absorber 
layer was formed via interdiffusion between the CIS and CGS layers. However, the 
diffusion rate of In is higher than that of Ga in the absorber. Hence, from XRD it is most 
probable to observe the CIGS and CGS phases. The XRD diffraction peaks of the CGS 
phase will shift to higher angles compared to the CIS phase, because the lattice constant 
decreases linearly with increasing Ga content (x). The dashed lines in Figures 6.10 and 6.11 
indicate the (112) reflection position of the single layers, CIS at 26.65° and CGS at 27.65° 
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[21]. The x value in Cu(In1−xGax)Se2 can be deduced from the 2θ value of the CIS (112) 




× 0.3 = (𝑦 − 26.65) × 1.25                  (6.3) 
where y is the 2θ value of the CIGS (112) peak. The calculated x values are listed in Table 
6.5. From this table, it is evident that the CIGS absorbers formed on borosilicate glass 
substrates show the highest x values, which are closer to the GGI ratio in the films measured 
by XRF. In contrast, CIGS films formed directly on the SLG substrate without any barrier 
layer show the lowest x value. The diffusion of Na from the SLG substrate into the absorber 
hinders the In and Ga inter-diffusion, and thus reduces the Ga content within the front 
region of the CIGS absorber. The TiN and SiN barrier layers can reduce the Na diffusion 
(see SIMS measurements in Section 6.4.2), and thus enhance Ga diffusion to the front. The 
lower x values of the samples made on Na-containing glass substrates indicate a lower Ga 
content near the front surface of the CIGS absorber, which is also observed in the SEM and 
SEM/EDX measurements. 
Table 6.5. Summary of the XRD measurements on Se-poor CIGS absorbers formed on 
different glass substrates and different rear contacts. The intensity ratio of the (220/204) 
peaks to the (112) peak was also calculated for comparison. x is the GGI value calculated 
from Equation 6.3. 
Sample number 











Boro/Mo 26.91 3635 44.56 885 0.24 0.32 
Boro/MoNa 26.93 3212 44.54 810 0.25 0.34 
Dia/Mo 26.75 6115 44.35 1542 0.25 0.12 
SLG/Mo 26.75 7127 44.38 1834 0.26 0.13 
SLG/TiN/Mo 26.78 7096 44.41 1883 0.26 0.16 
SLG/TiN/MoNa 26.75 6868 44.36 1556 0.23 0.13 
SLG/SiN/Mo 26.76 6947 44.39 1939 0.28 0.14 
SLG/SiN/MoNa 26.76 7441 44.38 1818 0.23 0.13 
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6.4.3.2 Se-rich absorber 
Another set of Se-rich ( 57 at.%) CIGS absorbers was prepared using a CuGa and In 
multilayer precursor with a thickness of about 525 nm. The CGI and GGI ratios in all 
samples were maintained at around 0.93 and 0.30, respectively. Table 6.6 summarises the 
XRF measurement results of Se-rich CIGS absorbers formed on various rear contact 
structures. It should be noted that the measured Se/M ratio, MoSe2 layer thickness, and the 
thickness of the Se-rich CIGS absorber are quite different from the values of samples with 
Se-poor CIGS absorber.  
Table 6.6. Summary of XRF measurements of Se-rich CIGS absorbers formed on different 
rear contacts and glass substrates. The same method as in Table 6.4 was used to derive the 
MoSe2 thickness and the CIGS thickness. 
Sample number CGI GGI SeC SeGI Se/M Mo MoSe2 CIGS  
      [nm] [nm] [nm]  
Boro/Mo 0.94 0.31 2.44 2.29 1.18 573 81 1629  
Boro/MoNa 0.91 0.30 2.48 2.26 1.18 745 75 1599  
SLG/Mo (500 nm) 0.93 0.31 2.72 2.53 1.31 548 140 1680  
SLG/Mo (900 nm) 0.91 0.30 2.74 2.49 1.30 848 133 1703  
SLG/TiN 0.91 0.30 2.67 2.44 1.28 513 122 1673  
SLG/TiN/MoNa 0.93 0.31 2.73 2.53 1.31 775 140 1681  
SLG/SiN/Mo 0.93 0.29 2.32 2.16 1.12 511 46 1492  
SLG/SiN/MoNa 0.93 0.31 2.37 2.20 1.14 765 57 1514  
 
 
The results can be classified into two groups, based on the Na concentration: (i) absorbers 
with low or negligibe Na concentration, for example SLG/SiN/Mo and Boro/Mo (and also 
with optional Mo:Na capping layer) rear contacts, and (ii) absorbers with high Na concen-
tration, for example SLG/Mo(500 and 900 nm) and SLG/TiN/Mo(Mo:Na) samples. From 
the XRF measurements, the values of Se/M ratio, MoSe2 thickness and absorber thickness 
of the low-Na samples were observed to be lower than those of high-Na samples. However, 
for the Se-poor samples, as discussed in the previous section, no significant difference is 
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found in the thickness of both the CIGS layer and the intermediate MoSe2 layer, regardless 
of the rear contact structure. Thus, a strong correlation between the Se and Na contents and 
their influences on the growth of the CIGS absorber and the MoSe2 thickness is observed. 
This observation suggests that the Na in the CIGS absorber can enhance the Se/M ratio in 
the CIGS absorber, which further promotes the MoSe2 growth, as well as increases the 
thickness of the CIGS absorber. 
SEM images of the Se-rich CIGS absorber formed on SLG/Mo and Boro/Mo substrates 
are shown in Fig. 6.12. In the SEM surface images [Fig. 6.12(a)] white sodium selenide 
precipitates are seen on the SLG/Mo samples (which have a high Na content in the CIGS 
absorber due to Na diffusion from the substrate into the absorber). In contrast, the samples 
deposited on Na-free Boro/Mo substrate showed compact and faceted grains with clear 
grain boundaries [Fig. 6.12(b)]. Thickness values of the Mo and CIGS layers determined 
from the SEM cross-sectional images are similar to the values measured by XRF (see Table 
6.6). A thick MoSe2 layer is observed between the Mo and the CIGS layer in the sample 
deposited on SLG/Mo substrate. The measured MoSe2 thickness (~200 nm) is comparable 
to the estimated value using Eq. 6.3 (see Table 6.6). Thus, Eq. 6.4 is capable of predicting 
the MoSe2 thickness, eliminating the need for time-consuming SEM measurements. 
 
Fig. 6.12. SEM surface and cross-sectional images of Se-rich CIGS absorbers formed on 
SLG/Mo (a,c) and Boro/Mo (b,d) substrates. 
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The XRD patterns of CIGS absorbers formed on different rear contacts are shown in 
Fig. 6.13. All CIGS films show a polycrystalline structure. The intensity ratio I(220/204)/ 
I(112) of the samples on SLG substrates is higher than that of the samples on borosilicate 
glass substrates. Hence it can be concluded that, in the case of Se-rich CIGS absorbers, Na 
diffusion from the SLG substrate promotes the growth of CIGS grains in the (220/204) 
orientations. As shown in Table 6.7, the estimated Ga content (x value in Eq. 6.3) of the 
samples on borosilicate glass is higher than that of the samples on SLG substrates, as the 
CIS and CGS interdiffusion is delayed by the presence of Na. However, the Ga content 
near the CIGS front surface is reduced by a TiN barrier layer for the samples with SLG 
substrates, which is due to the blocked Na diffusion from the glass substrate to the CIGS 
absorber. 
 
Fig. 6.13. Full range XRD patterns (10-70o) and (112) peak profile of Se-rich CIGS 
absorbers formed on different rear contacts: (a) SLG/Mo, (b) SLG/TiN/Mo, 
(c) SLG/TiN/MoNa, (d) Boro/Mo and (e) Boro/MoNa. The two MoSe2 peaks are high-
lighted by red dashed lines.  
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From Fig. 6.13(e), it can be seen that for the samples formed on borosilicate glass substrates 
with an additional Mo:Na layer as extrinsic Na source, no MoSe2 diffraction signal was 
detected in XRD measurement, which is due to low amount of MoSe2 at Mo/CIGS interface. 
The low growth rate of the MoSe2 layer can be explained by insufficient Na2Se inter-
mediate compound formation at the rear surface. As discussed in connection with SIMS 
measurements (see Section 6.4.2), for the samples with higher Na diffusing from the 
substrate, the CIGS absorber is observed to have higher Na and Se content in the form of 
Na2Sex compound at Mo/CIGS surface [31, 228]. Additionally, from XRF measurements 
(Table 6.6), the observed MoSe2 thickness was significantly higher for Na-rich glass 
substrates than for Na-deficient ones. Thus, it is reasonable to conclude that the growth of 
the MoSe2 layer can be accelerated by Na2Sex; in other words, Na can be considered as a 
catalyst to form a thick MoSe2 layer [73]. 
Moreover, if all the Na from the 200 nm thick Mo:Na capping layer was uniformly 
distributed in the completed CIGS solar cell, the Na content in the CIGS absorber should 
be about 0.5 at.%, which is higher than the Na content in CIGS solar cells formed on 
SLG/Mo substrates (see Fig. 6.7(d)). Thus, it can be concluded that most of the Na atoms 
diffusing from the Mo:Na layer are trapped within the Mo grains and cannot easily diffuse 
into CIGS. However, the columnar structure of Mo grains allows fewer Na atoms, 
originating from the grain boundaries, to easily diffuse into the absorber at a fast rate. This 
conclusion agrees with Section 6.4.1, which dealt with surface roughness measurements 
by AFM.  
From the XRD measurements, the value of the MoSe2 peak intensity ratio I(100)/I(110) 
was calculated, see Table 6.7. Since this value is higher than 1.0, this indicates a preferred 
grain orientation of the MoSe2 layer in the <100> direction. It has been reported that a 
MoSe2 grain orientation in the <110> direction reduces the contact resistance between the 
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Mo and the CIGS layers, and enhances the adhesion of the CIGS layer to the rear contacts 
[28, 229-231]. In addition, the conductivity of (100)-orientated MoSe2 grains, aligned in 
parallel to the Mo rear contact surface, is two times lower than that of (110)-orientated 
MoSe2 films, which have grains that are perpendicular to the Mo rear contact. Therefore, 
the MoSe2 intermediate layer formation needs to be adjusted by optimizing the selenisation 
process and by controlling the Na diffusion to obtain the preferred (110) orientation. 
Table 6.7. XRD measurement results of Se-rich CIGS absorbers formed on different glass 
substrates and different rear contacts.  The intensity ratio of (220/204) peak to (112) peak 
of CIGS absorber was also calculated for comparison. x is the GGI value calculated from 
Equation 6.3. The intensity ratio of (100) peak to (110) peak of the MoSe2 layer are also 
calculated. 







I(100)/I(110) 2θ [o] 2θ[o] 
SLG/Mo 26.80 44.39 0.32 0.20 1.41 
SLG/TiN/Mo 26.78 44.39 0.32 0.16 2.28 
SLG/TiN/MoNa 26.75 44.38 0.29 0.13 2.03 
Boro/Mo 26.93 44.54 0.25 0.35 - 
Boro/MoNa 26.93 44.57 0.25 0.35 - 
 
6.4.4 Solar cell results 
CIGS solar cells were fabricated on bilayer Mo films deposited onto three different glass 
substrate types (Dia/Mo, Boro/Mo, and SLG/Mo). In addition, a Mo:Na layer was also 
used as an extrinsic Na source on bilayer Mo-coated Na-free borosilicate glass substrates 
(Boro/MoNa). The CIGS solar cells were fabricated on 6 cm × 6 cm substrates and the best 
cells were chosen for device performance evaluation. It is noted that the CdS buffer and 
AZO window layer of all the characterised CIGS solar cells were prepared under the same 
conditions. The measured 1-sun device parameters (short-circuit current density, open-
circuit voltage, fill factor, efficiency) of the best CIGS solar cell of each for the four 
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substrate types are compared in Fig. 6.14. Among these four samples, the cells formed on 
SLG showed the highest efficiency of 8.6% (Voc 510 mV, Jsc 37.3 mA/cm2, FF 44.9%). 
This reveals that a high and a low Na content in the CIGS absorber both degrade the solar 
cell efficiency. Cells formed on Na-free borosilicate glass substrates (Boro/Mo) show a 
wide spread in the solar cell efficiencies. The cell efficiency becomes much more repro-
ducible if an extrinsic Na source (~ 200 nm thick Mo:Na capping layer) is added in to 
Boro/Mo substrates. 
 
Fig. 6.14. Measured 1-Sun CIGS solar cell parameters fabricated using bi-layer Mo (BiMo) 
deposited on three different glass substrate types without barrier layer, and also for Mo:Na 
deposited onto a borosilicate glass substrate. 
Based on these solar cell results, it appears that SLG containing a moderate Na content is 
the best glass substrate type for making high-efficiency CIGS solar cells. The modified 
rear contacts were deposited on SLG substrates to evaluate the effects of different rear 
contacts on the device performance. The I-V results of CIGS solar cells deposited on 
various modified rear contacts on SLG substrates are shown in Fig. 6.15. From this figure, 
it can be seen that, compared to the open-circuit voltage (Voc), fill factor (FF) and efficiency, 
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the short-circuit current density (Jsc) is less affected by the rear contact design. The samples 
deposited on SLG/TiN/Mo rear contacts show the highest Voc of 532 mV, FF of 57.0%, 
and Eff. of 11.1%. It is also observed that the efficiency of solar cells is enhanced by about 
29% (relative) due to the introduction of a TiN barrier layer, compared to solar cells formed 
on a SLG/Mo substrate without any barrier layer. The enhanced device performance is 
mainly caused by the controlled Na diffusion from the SLG substrate through the TiN/Mo 
barrier, which facilitates the MoSe2 formation, CIGS conductivity, CIGS grain crystalli-
sation and grain boundary defect passivation. However, it is also interesting to observe 
(from Fig. 6.15) that the efficiency of the cells using rear contacts containing intentional 
Na doping (rear contact with Mo:Na 5%) is lower compared to those using SLG/TiN/Mo 
and SLG/SiN/Mo substrates. Therefore, it can be concluded that intentional Na doping 
using Mo:Na as Na source does not bring any advantage for CIGS solar cells made on Na-
containg glass substrates.  
 
Fig. 6.15. Measured 1-Sun parameters of CIGS solar cells formed on various rear contact 
structures. Note that all these solar cells were deposited on SLG substrates. 
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Figure 6.16 depicts the 1-Sun and dark I-V curves of the CIGS cells formed on the bilayer 
Mo rear contact and the three types of modified rear contacts discussed earlier. The series 
resistance (Rs) and shunt (or parallel) resistance (Rp) of these solar cells were estimated 
from the I-V measurements. Several points are noteworthy. First, the series resistance of 
the CIGS solar cell prepared on SLG/Mo is 9.2 Ohm-cm2, which is higher than that of the 
other three samples. Such a high Rs value is attributed to the degradation of the electrical 
properties of the Mo rear and AZO front contacts due to the presence of a high Na concen-
tration. Thus, the Jsc and FF of the CIGS cells formed on SLG/Mo substrates are lower than 
those of the CIGS cells formed on SLG/TiN/Mo (see Figs. 6.14 and 6.15).  
 
Fig. 6.16. One-sun and dark I-V curves of the CIGS solar cells deposited on modified (a) 
SLG/Mo, (b) SLG/TiN/Mo, (c) SLG/TiN/MoNa, and (d) SLG/SiN/Mo rear contact 
designs. 
Second, for the cells made on SLG/TiN/MoNa, a cross-over of the illuminated and dark 
I-V curves is observed at low voltage (~500 mV), indicating an inappropriate conduction 
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band offset caused by the defects at the CIGS surface and in the CdS buffer layer [232, 
233]. The lowest (i.e., poorest) shunt resistance Rp is observed for the cells made on 
SLG/SiN/Mo rear contacts. This can be explained by the large amount of voids in the CIGS 
absorber, which can be attributed to the absence of Na in the absorber and which act as 
effective shunting paths. This observation agrees well with results reported in the literature 
[234-236]. The observed low shunt resistance (Rp =16 Ohm-cm2) is the root cause for the 
reduced Voc and thus the efficiency of the solar cells [236, 237]. 
The measured external quantum efficiency (EQE) of the best solar cell (Eff. = 11%) 
prepared on a SLG/TiN/Mo rear electrode is shown in Fig. 6.17. From the EQE measure-
ment, it is possible to analyse the recombination paths in the solar cell. Although CIGS 
solar cells with > 20% efficiency have been reported in the literature, our cells achieved 
only 11%. This relatively modest efficiency is due to several reasons: (1) absorption losses 
due to the thick CdS buffer layer (80 nm) and poor photogeneration in the blue region (400-
600 nm), (2) low red response due to the thin CIGS absorber (~1350 nm) and 
recombination losses in the bulk of the CIGS absorber, and (3) low bandgap of ~1.0 eV at 
the CIGS surface, containing an In-rich CIS phase at the front surface. To improve the 
efficiency, the following efforts are in progress: (1) thickness reduction of the CdS buffer 
layer and improving the junction quality, (2) increasing the thickness of the CIGS absorber 
closer to 2.0 μm while maintaining a low defect density and appropriate stoichiometry, and 
(3) bandgap grading at the front and back surface of the CIGS absorber by changing the 
GGI ratio and introducing a surface sulphurisation process after the selenisation process 
(which should improve Voc and thus the efficiency). Based on the loss analysis, the CIGS 
absorber formation was finetuned and CIGS absorber with less Se vacancies were formed. 
This helped us to further improve the cell performances. The fill factor was improved from 
56.9% to 67.4%, which enabled to increase the efficiency from 11.1% to 12.4%. 
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Fig. 6.17. Measured external quantum efficiency (EQE) of a 11.1% efficient CIGS solar 
cell made on a SLG/TiN/Mo rear contact. 
6.4.5 Surface uniformity and long-term stability 
Photoluminescence (PL) measurement is an effective tool to identify defects both at the 
surface and within the material bulk, and thus are widely applied in PV research and 
manufacturing. Uncalibrated PL measurements were taken using a BT Imaging LIS-R2 
instrument equipped with a 915-nm laser source. It is important to note that the CdS buffer 
and AZO front window layer of these cells were deposited under the same conditions. 
Therefore, differences in the PL images of these CIGS cells are not due to differences in 
absorption in the buffer and window layers. Instead, differences observed in PL intensity 
can be completely attributed to the properties of the CIGS absorber layers. During PL 
measurements, the illumination intensity was set to 2 suns (calibrated) and the exposure 
time was set to 3 s to obtain PL images for the same batch of CIGS solar cells analysed in 
Section 6.4.4. The measured PL images are shown in Fig. 6.18. It can be seen that the PL 
intensity varies significantly between the CIGS cells made on each type of rear contact 
investigated in this study, indicating specific defect configurations and specific lateral 
uniformity for each sample. In the case of different glass substrates with various Na 
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concentrations, the lowest PL intensity is observed for CIGS solar cells deposited on the 
Dia/Mo rear contact [see Fig. 6.18(a)]. Higher PL intensity is observed for the CIGS solar 
cells deposited on SLG/Mo and Boro/Mo rear contacts. This proves that excess Na 
diffusion from the SLG substrate reduces the PL intensity by forming Na2Sex on the surface 
of the absorber, and even degrades the electrical properties of the TCO front window layer. 
However, a certain amount of Na in the absorber is necessary to passivate the surface and 
bulk defects, and to enhance the PL intensity. Therefore, controlling the Na content is 
critical to surface and bulk defects of the CIGS absorber. From Fig. 6.18, it is evident that 
the PL intensity of the solar cells can be improved by introducing a TiN barrier layer, as it 
can effectively control Na diffusion from the glass to the CIGS absorber.  However, the PL 
intensity of the samples deposited on SLG/TiN/Mo/MoNa and SLG/SiN/Mo/MoNa rear 
contacts, both with barrier layer and MoNa capping layer, reduced tremendously. This 
observation is consistent with the solar cell efficiency analysis of Section 6.4.4. In the case 
of a SiN barrier layer the uniformity is enhanced while the PL intensity is minimally 
reduced, which is due to the very effective suppression of Na diffusion by the SiN barrier 
layer. 
 
Fig. 6.18. PL images of CIGS solar cells made on different glass substrates (diamond, soda-
lime and borosilicate glasses) and rear contacts. The right side data bar is automatically 
generated by the measurement system, for ease of contrast observation among different 
small-area cells. 
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The correlation between PL intensity and device performance is also investigated, see Fig. 
6.19. As shown in Fig. 6.19(a), among the 20 cells prepared on SLG/TiN/Mo substrate 
(size: 6 cm × 6 cm), the two cells (encircled using red lines) in the bottom row showed low 
PL intensity. These two cells possess poor 1-Sun efficiency. From this point of view, the 
PL image is a powerful tool to predict the CIGS solar cell performance, and it can be used 
at each processing step for process monitoring and optimization.  
PL imaging was also used to examine the long-term stability of the fabricated CIGS solar 
cells, which is a critical requirement for PV modules. The PL measurements of the finished 
CIGS solar cells prepared on SLG/Mo and SLG/TiN/Mo rear contacts are conducted at 
different time durations after the device fabrication (i.e., 1 week and 4 weeks). From Figs. 
6.20 (a) and (b), it is evident that the uniformity and intensity of the luminescence of the 
solar cells deposited on SLG/Mo substrates were significantly reduced after 4 weeks, 
indicating poor device stability. Such a degradation behavior can be attributed to Na 
diffusion from the substrate to the CIGS absorber, as confirmed by the SIMS measurements 
discussed previously. In contrast, no obvious changes in the PL intensity and uniformity 
are observed for the CIGS solar cells prepared on SLG/TiN/Mo rear contacts. This con-
firms that the TiN barrier layer is effective in blocking Na diffusion from the SLG to the 
CIGS absorber after solar cell fabrication. It is also evident from this study that the newly 
developed TiN diffusion barrier layer is very beneficial for the long-term stability of CIGS 
solar cells. Hence, the newly developed SLG/TiN/Mo rear electrode seems to be a 
promising candidate for large-area high-efficiency CIGS PV fabrication.  
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Fig. 6.19. PL intensity image and 1-Sun CIGS solar cell performance parameters for the 
sample deposited on SLG/TiN/Mo substrate. The red and green colours in the table 
represent relatively high and low values, respectively. 
r 
Fig. 6.20. PL images of the samples deposited on SLG/Mo and SLG/TiN/Mo substrates 
measured 1 week and 4 weeks after device fabrication. 
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6.4.6 Mini-module results 
Monolithic CIGS mini-modules were fabricated using SLG/TiN/Mo substrates (30 cm × 
30 cm). A photograph of one of these modules is shown in Fig. 6.21(a). Three patterning 
steps were used in the solar cell fabrication sequence, using a combined mechanical/laser 
scriber from MDI, Japan (hybrid scriber, model MPV300-LMM): (1) the first patterning 
step (P1) is the separation of the TiN/Mo rear contact by a pulsed nanosecond laser to 
define the individual cell width; (2) the second patterning step (P2) is conducted after the 
CdS deposition process by mechanical scribing to isolate the CIGS/CdS layers, and to open 
up channels for the front connection between adjacent cells, and (3) the third patterning 
step (P3) is conducted after the AZO front contact deposition and uses mechanical scribing 
to remove the CIGS/CdS/AZO layers. As a result of these three scribes, the individual cells 
are connected in series. PL imaging was used to reveal the most uniform areas, and laser 
scribing was then used to isolate the uniform area. The 1-Sun I-V curve measured for this 
mini-module (12.8 cm × 12 cm, 16 cells) is shown in Fig. 6.21(b). As can be seen, the mini-
module has a 1-sun efficiency of 6.6% (active area: 153.6 cm2). 
 
Fig. 6.21. (a) Photograph of completed 30 cm × 30 cm mini-module deposited on 
SLG/TiN/Mo rear contacts. (b) Measured 1-Sun I-V curve of a mini-module (active area: 
153.6 cm2). 
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6.5 Summary of the chapter 
In this chapter, different Mo rear contact designs, including various glass substrates and 
combinations with the barrier layer were fabricated to investigate their influence on the 
1-Sun CIGS solar cell performance. In particular, the morphology, electrical resistivity, 
crystallinity and chemical composition of the CIGS absorbers were investigated in terms 
of Na diffusion and the selenisation process. In addition, efforts were taken to understand 
the formation of Na2Sex and MoSe2 intermediate layers, as well as to improve the cell 
performance via careful optimization of the selenisation process. 
6.5.1 Formation of MoSe2 intermediate layer 
The precise control of the MoSe2 thickness and its crystal orientation are the most important 
factors determining the cell efficiency. From this study, it was concluded that the formation 
of the MoSe2 layer depends on both Na diffusion and Se content, which are related to the 
rear contact structure and the selenisation process. 
In this thesis, the selenisation process was always conducted at a substrate temperature of 
580 oC for a duration of 11 minutes. From the experiments, it was observed that there is no 
difference in the thickness of the MoSe2 layer in the Se-poor CIGS absorbers, while the 
thickness of the MoSe2 layer varies significantly in the Se-rich CIGS absorbers. Particu-
larly, in the Se-poor absorber, the Se is fully consumed by the metallic precursor to form 
the CIGS absorber. Thus, the formation of MoSe2 is inhibited due to the lack of Se in the 
absorber forming environment. In this situation, the CIGS/Mo interface is stable even with 
long-time annealing in a Se-deficient condition, regardless of the amount of Na diffusing 
from the substrate. 
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In contrast, in Se-rich absorbers, Na2Se forming at both the Mo/CIGS interface and the 
CIGS grain boundaries tend to increase the MoSe2 formation probability. In this case, the 
excessive Se reacts with the Na from the substrate to form Na2Sex, which is usually located 
at the CIGS/Mo interface as a Se source and catalyses the MoSe2 formation. When there is 
insufficient or no Na available to form Na2Sex, it is less probable to form MoSe2 by the 
direct reaction between Se and Mo atoms. Hence, a very thin MoSe2 layer is found in the 
Se-rich samples made on low-Na rear contacts, for example the Na-free substrates and SLG 
substrates with SiN acting as good Na diffusion barrier layer. A thick MoSe2 layer is only 
observed in samples with high Na diffusion from the substrate, and its thickness increases 
with increasing Na content in the glass substrate. However, if the MoSe2 layer gets too 
thick, the series resistance increases and the solar cell efficiency degrades. 
6.5.2 Effects of different rear contacts on the CIGS absorber formation and solar cell 
performance 
In this thesis, different rear contact designs for CIGS solar cells were developed and studied 
to better understand the controllable Na diffusion from these substrates into the CIGS 
absorber. The different rear contacts investigated can be sorted into four groups, as follows: 
(1) Boro/Mo and SLG/SiN/Mo(Mo:Na) rear contact designs: A certain sodium concen-
tration in the CIGS absorber is necessary to passivate grain boundaries and reduce its 
resistivity. However, these stack designs do not offer a sufficient Na supply to the 
CIGS absorber, because there is either negligible sodium in the glass substrate or the 
sodium diffusion from the substrate is efficiently blocked by the SiN barrier layer. 
CIGS absorbers formed on these types of rear electrodes show high resistivity and low 
shunt resistance, and thus the resulting CIGS solar cells show poor efficiency.  
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(2) Extrinsic sodium source (rear electrode with Mo:Na capping layers): The major 
drawback of this rear contact design is that most of the Na located at the Mo grains 
cannot diffuse into the CIGS absorber, which reduces the availability of Na to form the 
Na2Sex intermediate compound. Another drawback of this stack design is the high 
amount of Na present in the grain boundaries, which can easily lead to Na diffusion 
into the CIGS layer at the early stage of the selenisation process, causing poor 
CIGS/CdS junction formation. However, this stack design is observed to be effective 
in enhancing the Voc, FF and lateral uniformity of CIGS solar cells deposited on Na-
free glass substrates.  
(3) SLG/Mo and Dia/Mo rear contact designs: A large amount of Na can easily diffuse 
into the CIGS absorber through voids between the Mo columnar structures, due to the 
absence of any barrier layer. The Na that accumulates at the front CIGS surface can 
promote the grain growth, while at the rear side it reacts with the excessive Se to form 
a Na2Sex intermediate compound that serves as a Se source and catalyses the MoSe2 
layer formation at the Mo/CIGS interface. In addition, the inter-diffusion between CIS 
and CGS to form a uniform CIGS absorber layer is hindered by the presence of Na. 
The high amount of Na observed in the AZO window, caused by Na diffusion at room 
temperature after the device fabrication, significantly degrades the efficiency of the 
solar cells. 
(4) SLG/TiN/Mo rear contact design: The introduction of a TiN layer into the stack helps 
to suppress the Na diffusion from the SLG substrate into the CIGS absorber, and hence 
the crystallinity of the CIGS absorber, its lateral uniformity, the solar cell efficiency, 
as well as the long-term stability of the solar cells are found to be enhanced. It is 
observed that the efficiency of the solar cells using this stack design is improved by 
29% relative compared with that of the solar cells using bilayer Mo rear contacts 
without any barrier layer. The champion cell efficiency (11.1%) and champion mini-
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module efficiency (6.6%) achieved in this thesis were both realised with this rear 
contact structure. 
To put these efficiencies into perspective, it is important to note that CIGS solar cell 
fabrication at SERIS started only in the last 9 months of this thesis (in Q2 2016), and that 
various processes were still in the developmental stage at the time of writing this thesis. 
For comparison, solar cells were also fabricated on commercially available SLG/Mo 
substrates, and the efficiency values were always compared with those achieved on the rear 
electrodes developed in this thesis. The best cell efficiency achieved on commercial 
SLG/Mo substrates was 9.5%, which is 1.5% (absolute) lower than the value obtained 
on the SLG/TiN/Mo rear electrode. Hence, the rear electrode developed in this thesis has 
significant potential for improving the efficiency of CIGS solar cells. It is also worthy to 
mention that the observed (modest) cell efficiency of 11% can be related to issues with 
other processing steps, especially the CIGS absorber formation, junction formation and 
front TCO deposition. 
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Chapter 7 Conclusions and Proposed Further Work 
7.1 Conclusions 
In this thesis, a systematic study was carried out to investigate rear contacts for applications 
in CIGS thin-film solar cells on glass substrates. The investigation started with the 
optimization of traditional Mo rear contacts and then explored several modified rear 
contacts and their impacts on the CIGS absorber formation. The 1-Sun performance of the 
fabricated CIGS solar cells was also analysed with respect to the Na diffusion and the 
formation of the MoSe2 intermediate layer. 
First, significant efforts were put on optimizing the growth parameters of magnetron sputter 
deposited single and bi-layer Mo films. The optimised Mo films have low resistivity, good 
adhesion and high crystallinity, and are well suited for rear contact applications in CIGS 
solar cells. Single-layer Mo films were prepared by varying the (i) power applied to the 
Mo target, and (ii) the vacuum chamber pressure. Properties of the single-layer Mo films 
were systematically studied by employing various characterisation methods. However, the 
main challenge was to obtain Mo films with both low sheet resistance (below 0.5 Ohm/sq) 
and good adhesion to glass substrates, which are the critical requirements for back 
electrodes of CIGS solar cells. The problem of poor adhesion of single-layer Mo rear 
contacts was solved by modifying the stack design using a bilayer Mo stack, comprising a 
high pressure (6.0×10-3 mbar) deposited bottom layer and a low pressure (1.5×10-3 mbar) 
deposited top layer. 
Next, in order to suppress alkali atom diffusion from the glass substrate and also to improve 
the adhesion, modified rear contacts were developed with either a TiN or SiN barrier layer. 
It was found that the mechanical properties, crystallinity, and surface morphology of the 
Mo films improve significantly by the introduction of a TiN or SiN thin barrier layer. The 
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introduction of a TiN barrier layer gives Mo films with max strongly preferred <110> 
direction. The thickness of the Mo films was reduced from 900 to 500 nm by introducing 
either a TiN or SiN barrier layer while maintaining both a low sheet resistance and good 
adhesion. Since these barrier layers efficiently suppress the Na diffusion from the glass 
substrate, the stack design can be further modified by adding a Mo:Na (5 at. %) capping 
layer, which serves as an extrinsic source for Na diffusion. 
Finally, the effects of different rear contact structures and glass substrate types with 
different Na contents on CIGS absorbers and CIGS solar cells were evaluated with regards 
to (i) the formation of the intermediate MoSe2 layer, and (ii) the dependence of the CIGS 
selenisation process on Na diffusion from the substrate into the CIGS absorber.  
The MoSe2 intermediate layer formed at the interface between the rear contact and the 
CIGS absorber is critical in determining the adhesion of the CIGS absorber and the 
performance of the final solar cell. Two main factors - (i) the Se content and (ii) the amount 
of Na diffusing from the substrate into the CIGS absorber - determine the formation and 
thickness of the MoSe2 layer. The main influences of these two factors on the MoSe2 layer 
formation are:  
(1) Se-deficient condition: The presence of insufficient Se in the absorber inhibits the 
formation of the MoSe2 intermediate layer via a reaction between CIGS and Mo [238, 
239]. Thus, the CIGS/Mo interface is stable even during long-time annealing at a high 
temperature of about 580 C. 
(2) Se-rich condition: Excessive Se reacts with the Na from the substrate to form a Na2Sex 
layer at the CIGS/Mo interface, which in turn acts as the Se source to catalyse the 
MoSe2 layer formation. In case of insufficient Na available to form Na2Sex, there is a 
low probability of MoSe2 formation via the direct reaction between Se and Mo atoms. 
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A thick MoSe2 layer is observed only in samples with a high Na content (diffusing 
from the substrate), and the thickness increases with increasing Na concentration in the 
substrate. Thus, a very thin MoSe2 layer (< 50 nm) is found in Se-rich samples formed 
on Na-free substrates as well as Na-containing SLG substrates with a SiN diffusion 
barrier layer.  
The effects of the rear contacts in relation to Na incorporation into the CIGS absorber can 
be sorted into four groups with different Na content in the glass substrate (see Fig. 6.21 for 
details), as follows: 
(1) Boro/Mo and SLG/SiN/Mo(Mo:Na) rear contact designs: There is either a negli-
gible or an insufficient amount of Na diffusing from the substrate into the absorber to 
passivate grain boundaries. Therefore, CIGS absorbers formed on these types of rear 
electrodes show a high resistivity and a low shunt resistance, and thus results in solar 
cells with poor performance. 
(2) Extrinsic sodium source (rear electrode with MoNa capping layers): The major 
drawback of this rear contact design is that most of the Na atoms tend to accumulate 
at the Mo grains (instead of diffusing into the CIGS absorber) and hence the availability 
of Na to form Na2Sex is insufficient. Another drawback of this stack design is the poor 
quality of the CIGS/CdS junction due to the presence of Na at the front surface of the 
CIGS absorber. However, it was observed that this stack design effectively enhances 
the Voc and FF, and also improves the lateral uniformity of the CIGS solar cells made 
on Na-free glass substrates. 
(3) SLG/Mo and Dia/Mo rear contact designs: Without any diffusion barrier layer, the 
Na present in the glass substrate can easily diffuse into the CIGS absorber (through Mo 
columnar grains). The diffused Na atoms tend to accumulate at the front surface and 
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promote the CIGS grain growth, while at the rear surface Na reacts with the excessive 
Se to form Na2Sex, which in turn serves as a Se source and catalyses the MoSe2 layer 
formation at the Mo/CIGS interface. In addition, the inter-diffusion between CIS and 
CGS is hindered by the presence of Na. The high amount of Na observed in the AZO 
window layer, caused by Na diffusion at room temperature after device fabrication, 
significantly degrades the performance of the solar cells.  
(4) SLG/TiN/Mo rear contact design: The introduction of a thin TiN layer into the stack 
as a barrier layer helps to suppress the Na diffusion from the SLG substrate into the 
CIGS absorber. Hence, the crystallinity of the CIGS absorber, its uniformity, as well 
as the solar cell performance and its long-term stability were found to be enhanced. A 
significant improvement of the solar cell efficiency by up to 29% (relative) was 
achieved, from 8.6% using a bilayer Mo rear contact to 11.1% using the modified Mo 
rear contact with a TiN barrier layer. The champion cell (Eff. = 11.1%) and champion 
mini-module (Eff = 6.6%) achieved in this thesis were both obtained on this TiN 
modified Mo rear contact deposited on SLG substrates. 
7.2 Proposed further work 
The efficiencies of the investigated CIGS solar cells can be further improved by 
considering several other aspects, as follows: 
(1) Post-deposition treatment (PDT) of the CIGS absorber for alkali element 
incorporation: An alkali element PDT can increase the surface bandgap, passivate the 
surface of the CIGS absorber, and can also help to eliminate the disadvantages due to 
alkali elements diffusing from the glass substrate into the CIGS absorber. Recently, 
heavy alkali elements (K, Rb and Cs) have attracted great interest [53, 97, 240, 241]. 
In the past 2 years, the CIGS world record efficiency has been improved by 1.8% 
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(absolute) using RbF PDT treatment, while only 1.0% (absolute) improvement was 
achieved during the previous 10 years [9, 10]. However, it is still unclear and not well 
understood what the advantages of heavy alkali elements are over the traditional Na 
based methods. Thus, it is desirable to perform experiments to better understand the 
effects of these different alkali element treatments and to gain additional insight into 
the alkali element incorporation into CIGS solar cells. 
(2) Effects of alkali metals on the properties of the CIGS/CdS heterojunction. The 
diffusing Na atoms from the substrate tend to accumulate at the front surface of the 
CIGS layer and can then diffuse further into the front AZO layer. This Na diffusion 
has a great impact on the p-n junction quality as well as the long-term stability of the 
solar cell. However, it is not yet understood how Na atoms in the CIGS absorber diffuse 
into the CdS film. Hence, the effects of alkali metals on the surface properties of the 
CIGS absorber, on the CdS growth, and on the CIGS/CdS heterojunction formation 
should be further investigated. 
(3) Passivation of the rear surface of the CIGS absorber. Similar to crystalline Si 
solar cells, surface recombination can cause a significant loss in the open-circuit 
voltage (Voc) and the efficiency of CIGS solar cells. Extensive studies on the 
surface passivation of p-type c-Si absorbers by a thin Al2O3 layer have led to a 
significant improvement of the efficiency of c-Si solar cells; however, this topic is 
not yet sufficiently explored for CIGS solar cells [242-244]. Good rear surface 
passivation in CIGS solar cells can significantly reduce recombination losses of 
photogenerated minority carriers. Via this method it also seems promising to 
reduce the thickness of the CIGS absorber to < 1 m, thereby lowering production 
costs. Hence, it is worthy to investigate the rear surface passivation of CIGS 
absorbers via ALD or sputter deposited thin films such as Al2O3.  
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(4) Transparent rear contacts for bifacial CIGS solar cells. Development of tandem 
solar cells using a bifacial CIGS solar cell as the top cell has the potential to boost the 
tandem cell efficiency to close to 30%. Some of the main challenges to be addressed 
are the stability of the rear contact of the CIGS top cell and the interface recombination 
between the rear contact and the CIGS absorber [73, 245, 246]. 
 151 
 
List of Publications 
Journal papers: 
[1] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Effect of deposition pressure on 
the properties of magnetron-sputter-deposited molybdenum back contacts for 
CIGS solar cells," Japanese Journal of Applied Physics, vol. 54, p. 08KC14, 2015. 
[2] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Adhesion improvement and 
characterization of magnetron sputter deposited bilayer molybdenum thin films for 
rear contact application in CIGS solar cells," International Journal of Photoenergy, 
vol. 2016, p. 2124087, 2016. 
[3] W. Li, X. Yan, W.-L. Xu, J. Long, A. Aberle, and S. Venkataraj, "Improvement of 
CIGS solar cell performance by a modified rear contact ", Solar Energy (under 
review) 
[4] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, " Effect of TiNx alkali diffusion 
barrier layer on the physical property modifications of Mo back electrodes for 
CIGS solar cell applications " (in preparation) 
[5] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Influence of sodium and Se 
content during rapid thermal process on the properties of CIGS absorber formed 
by two-step sequential process" (in preparation) 
[6] X. Yan, W. Li, A. G. Aberle, and S. Venkataraj, "Surface texturing studies of 
bilayer transparent conductive oxide (TCO) structures as front electrode for thin-
film silicon solar cells," Journal of Materials Science: Materials in Electronics, 
vol. 26, pp. 7049-7058, 2015. 
[7] X. Yan, W. Li, A. G. Aberle, and S. Venkataraj, "Optical scattering modeling of 
etched ZnO:Al superstrates and device simulation studies of a-Si:H solar cells with 
different texture morphologies," Applied Optics, vol. 55, pp. 6718-6726, 2016. 
[8] X. Yan, W. Li, A. G. Aberle, and S. Venkataraj, "Investigation of the thickness 
effect on material and surface texturing properties of sputtered ZnO:Al films for 
thin-film Si solar cell applications," Vacuum, vol. 123, pp. 151-159, 2016. 
[9] X. Zheng, W. Li, A. G. Aberle, and S. Venkataraj, "Efficiency enhancement of 
ultra-thin Cu(In,Ga)Se2 solar cells: optimizing the absorber bandgap profile by 
numerical device simulations," Current Applied Physics, vol. 16, pp. 1334-1341, 
2016. 
[10] X. Zheng, W. Li, A. G. Aberle, and S. Venkataraj, " Characterisation of 
Cu(In,Ga)Se2 solar cells fabricated by two-step sequential process: selenization 







[1] W. Li, X. Yan, S. Venkataraj, and A. Aberle, "Optimization of molybdenum 
deposition conditions for back contact applications in CIGS solar cells," in PV Asia 
Scientific Conference 2014, Singapore, 28-29 Oct.2014, Poster Presentation 
(unpublished).  
[2] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Effect of Deposition Pressure on 
The Properties of Magnetron Sputter Deposition Mo Back Contact for CIGS Solar 
Cells," Proceeding of the 6th World Conference on Photovoltaic Energy 
Conversion (WCPEC-6), p. 363-364 (2014). 
[3] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Analysis of Microstructure and 
Surface Morphology of Sputter Deposited Molybdenum Back Contacts for CIGS 
Solar Cells," in International Conference on Materials for Advanced Technologies 
(ICMAT 2015), Singapore, 28 Jun.-3 Jul. 2015, Procedia Engineering, vol. 139, pp. 
1-6, 2016. 
[4] W. Li, X. Yan, A. G. Aberle, and S. Venkataraj, "Effect of TiNx Alkali Diffusion 
Barrier Layer on the Physical Property Modifications of Mo Back Electrodes for 
CIGS Solar Cell Applications," in The 25th International Photovoltaic Science and 
Engineering Conference (PVSEC-25), Busan, Korea, 15-20 Nov. 2015, CIS-O-02, 
Oral Presentation (unpublished). 
[5] W. Li, X. Yan, W.-L. Xu, J. Long, A. Aberle, and S. Venkataraj, "Predicted 
efficiency improvement of ultra-thin CIGS solar cells via an intermediate layer at 
the Mo/CIGS interface," in Asia Clean Energy Summit 2015 (ACES-2015), 
Singapore, 7-11 Oct. 2015, Poster Presentation (unpublished). 
[6] W. Li, X. Yan, W.-L. Xu, A. Aberle, and S. Venkataraj, "Investigation of Modified 
Molybdenum Rear Contact Stack Designs for CIGS solar cells," in The 26th 
edition of the International Photovoltaic Science and Engineering Conference 
(PVSEC-26), Singapore, 24-28 Oct. 2016, O-3.2.3b, Oral Presentation 
(unpublished). 
[7] X. Yan, W. Li, S. Venkataraj, and A. Aberle, "Surface texturing studies of bilayer 
transparent conductive oxide (TCO) films for thin-film Si solar cells," in PV Asia 
Scientific Conference 2014, Singapore, 28-29 Oct. 2014, Oral Presentation 
(unpublished). 
[8] X. Yan, S. Venkataraj, W. Li, and A. G. Aberle, "Bilayer TCO Structure as Front 
Electrode for Thin-film Silicon Solar Cell Applications," Proceeding of the 6th 
World Conference on Photovoltaic Energy Conversion (WCPEC-6), p. 221-222 
(2014). 
[9] X. Yan, W. Li, A. G. Aberle, and S. Venkataraj, "Textured AZO for Thin-Film Si 
Solar Cells: Towards Understanding the Effect of AZO Film Thickness on the 
Surface Texturing Properties," in International Conference on Materials for 
Advanced Technologies (ICMAT 2015), Singapore, 28 June-3 July 2015, Procedia 
Engineering, vol. 139, pp. 134-139, 2016. 
 153 
 
[10] S. M. V. Eek, S. Hornik, S. Kreher, X. Yan, W. Li, and S. Venkataraj, "Uniform 
deposition of transparent conductive oxides using position-dependent and 
pressure-controlled sputtering," in The 25th International Photovoltaic Science 
and Engineering Conference (PVSEC-25), Busan, Korea, 15-20 Nov. 2015, SiF-
P-28, Poster Presentation (unpublished). 
[11] X. Yan, W. Li, A. G. Aberle, and S. Venkataraj, "Simulation Studies of Thin-film 
a-Si:H Solar Cells on ZnO:Al Substrates with Different Textured Interfaces," in 
The 25th International Photovoltaic Science and Engineering Conference 
(PVSEC-25), Busan, Korea, 15-20 Nov. 2015, SiF-P-30, Poster Presentation 
(unpublished). 
[12] X. Zheng, W. Li, X. Yan, W.-L. Xu, A. Aberle, and S. Venkataraj, "Numerical 
simulations of thin Cu(In,Ga)Se2 solar cells for efficiency enhancement," in The 
25th International Photovoltaic Science and Engineering Conference (PVSEC-25), 
Busan, Korea, 15-20 Nov. 2015, CIS-P-98, Poster Presentation (unpublished). 
[13] X. Zheng, W. Li, X. Yan, W.-L. Xu, A. Aberle, and S. Venkataraj, "Theoretical 
prediction of optimum bandgap profiles for efficiency enhancement in chalco-
pyrite CIGS solar cells," in Asia Clean Energy Summit 2015 (ACES-2015), 
Singapore, 7-11 Oct. 2015, Poster Presentation (unpublished). 
[14] W.-L. Xu, X. Yan, X. Zheng, W. Li, J. Long, A. Aberle, et al., "Spectroscopic 
Ellipsometry of Cadmium Sulphide films deposited by modified fast Chemical 
Bath Deposition Method," in The 26th edition of the International Photovoltaic 
Science and Engineering Conference (PVSEC-26), Singapore, 24-28 Oct. 2016, P-
3_2-0001, Poster Presentation (unpublished). 
[15] X. Yan, W. Li, W.-L. Xu, J. Long, A. Aberle, and S. Venkataraj, "Investigation of 
Pulsed DC Sputter Deposited Highly resistive ZnO:Al Buffer Layers for Copper 
Indium Gallium Diselenide Solar Cells," in The 26th edition of the International 
Photovoltaic Science and Engineering Conference (PVSEC-26), Singapore, 24-28 
Oct. 2016, P-3_2-0002, Poster Presentation (unpublished). 
[16] X. Zheng, W.-L. Xu, X. Yan, W. Li, J. Long, A. Aberle, et al., "Raman 
Spectroscopy Studies of Cu(In,Ga)Se2 Absorbers Prepared at Various Substrate 
Temperature Conditions," in The 26th edition of the International Photovoltaic 
Science and Engineering Conference (PVSEC-26), Singapore, 24-28 Oct. 2016, 
O-3.2.2c, Oral Presentation (unpublished). 
[17] K. Dey, W. Li, A. G. Aberle, and S. Venkataraj, "Recent progress witht indium 
oxide based high-mobility transparent conductive oxides for solar cells: a review", 
submitted to International Conference on Materials for Advanced Technologies 
(ICMAT 2017), Singapore, 18 Jun.-23 Jun. 2017, (Accepted for oral presentation) 
 154 
 
Appendix A: Summary the Na, Cu, In, Ga and Se concentration in at.% by 
SIMS measurement. 
Table A.1. Summary the Na concentration in at.% and cm-3 in different completed CIGS 
solar cells with different rear contacts: (a) SLG/Mo, (b) SLG/TiN/Mo and (c) SLG/SiN/Mo 
























1 0.010 1.26E+21 2.98 0.010 2.51E+18 0.0060 0.010 2.86E+17 0.0007 
2 0.073 3.91E+19 0.09 0.073 7.96E+16 0.0002 0.073 5.45E+16 0.0001 
3 0.130 1.43E+19 0.03 0.130 3.30E+16 0.0001 0.130 3.61E+16 0.0001 
4 0.186 9.69E+18 0.02 0.187 3.76E+16 0.0001 0.187 2.71E+16 0.0001 
5 0.242 7.37E+18 0.02 0.243 2.88E+16 0.0001 0.244 3.40E+16 0.0001 
6 0.297 5.93E+18 0.01 0.300 1.76E+16 0.0000 0.300 3.25E+16 0.0001 
7 0.353 5.30E+18 0.01 0.356 2.68E+16 0.0001 0.356 4.17E+16 0.0001 
8 0.409 4.82E+18 0.01 0.412 4.81E+16 0.0001 0.412 1.35E+17 0.0003 
9 0.464 5.34E+18 0.01 0.468 4.69E+17 0.0011 0.468 8.15E+17 0.0019 
10 0.520 1.25E+19 0.03 0.524 2.45E+18 0.0058 0.525 2.45E+18 0.0058 
11 0.579 6.04E+19 0.14 0.585 4.16E+18 0.0099 0.590 3.30E+18 0.0079 
12 0.657 4.57E+19 0.11 0.667 3.78E+18 0.0090 0.669 2.62E+18 0.0063 
13 0.748 3.01E+19 0.07 0.761 3.49E+18 0.0083 0.756 2.05E+18 0.0049 
14 0.844 2.00E+19 0.05 0.858 3.36E+18 0.0080 0.849 1.55E+18 0.0037 
15 0.941 1.43E+19 0.03 0.957 3.50E+18 0.0083 0.945 1.10E+18 0.0026 
16 1.040 1.16E+19 0.03 1.056 4.27E+18 0.0102 1.042 1.01E+18 0.0024 
17 1.140 1.30E+19 0.03 1.156 5.52E+18 0.0132 1.140 1.18E+18 0.0028 
18 1.239 1.64E+19 0.04 1.256 7.30E+18 0.0174 1.239 1.40E+18 0.0033 
19 1.339 2.23E+19 0.05 1.356 1.01E+19 0.0240 1.337 2.02E+18 0.0048 
20 1.439 3.02E+19 0.07 1.455 1.33E+19 0.0318 1.436 3.10E+18 0.0074 
21 1.538 4.27E+19 0.10 1.555 2.05E+19 0.0488 1.534 4.97E+18 0.0118 
22 1.637 6.69E+19 0.16 1.654 4.12E+19 0.0981 1.632 8.23E+18 0.0196 
23 1.735 1.08E+20 0.26 1.750 5.17E+19 0.1231 1.729 1.30E+19 0.0310 
24 1.828 1.35E+20 0.32 1.840 5.63E+19 0.1341 1.820 1.65E+19 0.0393 
25 1.913 1.29E+20 0.31 1.918 6.05E+19 0.1440 1.901 1.53E+19 0.0364 
26 1.984 1.09E+20 0.26 1.979 5.35E+19 0.1274 1.966 1.50E+19 0.0358 
27 2.037 8.90E+19 0.21 2.024 4.34E+19 0.1033 2.016 1.38E+19 0.0329 
28 2.077 6.85E+19 0.16 2.060 3.18E+19 0.0756 2.053 1.24E+19 0.0295 
29 2.112 6.05E+19 0.14 2.094 2.55E+19 0.0608 2.087 1.24E+19 0.0296 
30 2.147 6.99E+19 0.17 2.129 2.33E+19 0.0554 2.122 1.19E+19 0.0283 
31 2.182 8.90E+19 0.21 2.164 2.19E+19 0.0520 2.156 1.31E+19 0.0312 
32 2.217 1.12E+20 0.27 2.200 1.87E+19 0.0445 2.191 4.81E+19 0.1145 
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33 2.252 1.70E+20 0.41 2.237 2.73E+19 0.0650 2.229 4.72E+20 1.1229 
34 2.287 4.78E+20 1.14 2.280 2.55E+20 0.6068 2.275 1.63E+21 3.8470 
35 2.323 1.30E+21 3.09 2.333 1.20E+21 2.8485 2.328 3.12E+21 7.3520 
36 2.363 2.13E+21 5.03 2.394 2.79E+21 6.5766 2.385 3.67E+21 8.6128 
37 2.405 2.73E+21 6.43 2.453 7.33E+21 16.9765 2.439 3.91E+21 9.1832 
38 2.450 3.13E+21 7.36 2.506 8.14E+21 18.7933 2.489 4.05E+21 9.4974 
39 2.495 3.25E+21 7.64 2.554 8.89E+21 20.4645 2.538 4.07E+21 9.5543 
40 2.541 3.44E+21 8.09 2.600 8.86E+21 20.4142 2.585 4.17E+21 9.7750 
41 2.586 3.74E+21 8.79 2.646 9.89E+21 22.7000 2.632 4.27E+21 10.0136 
42 2.632 3.79E+21 8.89 2.692 1.04E+22 23.9132 2.678 4.31E+21 10.0917 
43 2.678 4.04E+21 9.48 2.738 9.92E+21 22.7710 2.724 4.36E+21 10.2126 
44 2.725 4.14E+21 9.70 2.781 1.07E+22 24.3893 2.770 4.47E+21 10.4616 
45 2.771 4.22E+21 9.90 2.827 1.04E+22 23.8055 2.816 4.52E+21 10.5846 
46 2.817 4.32E+21 10.12 2.870 1.06E+22 24.1644 2.862 4.49E+21 10.5101 
47 2.862 4.55E+21 10.66 2.915 1.07E+22 24.4375 2.907 4.63E+21 10.8279 
48 2.908 4.64E+21 10.86 2.959 1.09E+22 25.0170 2.953 4.57E+21 10.7012 
49 2.953 4.66E+21 10.89 2.994 1.05E+22 23.945 2.998 4.61E+21 10.7951 
50 2.999 4.89E+21 11.44       
 
Table A.2. Summary the Cu, In, Ga and Se concentration in at.% in the completed CIGS 
solar cell deposited on SLG//Mo substrate. D is the distance from the front surface of the 


















1 0.0059 0.36301 0.0019 0.04697 0.00396 0.000196 0.00783 3.82281 
2 0.07109 0.02809 0.0689 0.00523 0.06999 0.00281 0.07219 0.13964 
3 0.12756 0.02756 0.12538 0.00393 0.12647 0.00138 0.12866 0.0628 
4 0.18362 0.02365 0.18146 0.00334 0.18254 0.000472 0.18478 0.08071 
5 0.23955 0.02727 0.23738 0.00609 0.23847 0.00162 0.24063 0.05812 
6 0.29522 0.02458 0.29306 0.004 0.29414 0.000636 0.2963 0.06045 
7 0.35087 0.02287 0.34871 0.00864 0.34979 0.001 0.35195 0.05966 
8 0.40659 0.02794 0.40436 0.00612 0.40544 0.000767 0.40766 0.0988 
9 0.46215 0.03973 0.45999 0.01825 0.46107 0.0011 0.46323 0.10719 
10 0.51785 0.29539 0.51569 0.2001 0.51677 0.00304 0.51893 0.74831 
11 0.57629 6.80116 0.57371 4.98267 0.575 0.06018 0.57758 16.4569 
12 0.65394 18.4997 0.65045 14.2782 0.65225 0.21105 0.65562 38.7556 
13 0.74448 22.7017 0.74085 17.7614 0.74266 0.32232 0.7463 45.6326 
14 0.83983 24.5288 0.83608 19.2276 0.83796 0.54386 0.84171 48.8525 
15 0.93744 25.715 0.93362 19.4649 0.93553 1.05482 0.93947 49.7632 
16 1.03636 26.2443 1.03252 19.628 1.03444 1.97358 1.03828 50.1181 
17 1.13569 26.5198 1.13184 19.0517 1.13376 3.30354 1.13762 49.9072 
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18 1.23526 26.2412 1.2314 17.43 1.23333 5.08549 1.23719 49.9401 
19 1.335 25.9863 1.33101 16.0935 1.33294 7.67522 1.33694 49.7087 
20 1.43462 25.3499 1.43076 13.8816 1.43269 10.5784 1.43655 49.4418 
21 1.53408 24.7054 1.53023 11.3205 1.53215 13.7301 1.536 49.2895 
22 1.63317 22.9154 1.62934 8.86261 1.63126 16.0724 1.63508 50.2063 
23 1.73099 18.2979 1.72714 6.44707 1.72913 15.9095 1.73285 53.9737 
24 1.82451 13.2503 1.82103 4.30086 1.82277 12.7466 1.82624 54.5386 
25 1.90965 9.97899 1.90658 2.76607 1.90812 9.18704 1.91119 47.0847 
26 1.98116 5.96636 1.97874 1.55026 1.97995 5.32304 1.98245 31.3089 
27 2.03562 2.07615 2.03386 0.57861 2.03474 1.963 2.03651 12.997 
28 2.07601 0.000183 2.07461 0.000107 2.07531 0.000133 2.07671 2.26025 
29 2.11112 0.00018 2.10977 0.000107 2.11044 0.000132 2.11179 0.00179 
30 2.146 0.000182 2.14461 0.000108 2.14528 0.000133 2.14668 0.00181 
31 2.18082 0.000185 2.17947 0.00011 2.18015 0.000135 2.18149 0.00184 
32 2.2156 0.000187 2.21425 0.000112 2.21493 0.000137 2.21628 0.00185 
33 2.25036 0.000192 2.24901 0.000114 2.24968 0.000141 2.25107 0.00191 
34 2.28532 0.000193 2.28389 0.000114 2.28463 0.000141 2.28601 0.00191 
35 2.32169 0.000195 2.32023 0.000115 2.32096 0.000142 2.32243 0.00194 
36 2.36113 0.000258 2.35954 0.000151 2.36034 0.000188 2.36193 0.00259 
37 2.40358 0.000402 2.4019 0.000236 2.40274 0.000292 2.40448 0.00402 
38 2.44821 0.000533 2.44647 0.000314 2.44734 0.000389 2.44908 0.00532 
39 2.49338 0.000618 2.49162 0.000364 2.4925 0.00045 2.49426 0.00618 
40 2.53894 0.000684 2.53717 0.000403 2.53806 0.000498 2.53983 0.00682 
41 2.58437 0.000758 2.58253 0.000446 2.58342 0.000552 2.58526 0.00757 
42 2.63023 0.000791 2.62846 0.000467 2.62934 0.000577 2.63112 0.00788 
43 2.67648 0.000868 2.67469 0.000517 2.67558 0.000636 2.67738 0.00861 
44 2.72295 0.000894 2.72117 0.00053 2.72206 0.000653 2.7239 0.00889 
45 2.76893 0.000936 2.7671 0.000554 2.76805 0.000684 2.76981 0.00933 
46 2.8148 0.000962 2.81302 0.00057 2.81391 0.000703 2.81568 0.00957 
47 2.86052 0.00103 2.85875 0.000605 2.85963 0.000749 2.86141 0.01026 
48 2.906 0.00105 2.90423 0.000614 2.90511 0.000761 2.90694 0.01047 
49 2.95159 0.00104 2.9498 0.000624 2.95069 0.000765 2.95249 0.01031 









Table A.3. Summary the Cu, In, Ga and Se concentration in at.% in the completed CIGS 
solar cell deposited on SLG/TiN/Mo substrate. The D is the distance from the front surface 


















1 0.00577 0.05683 0.0019 0.05814 0.00383 0.00603 0.0077 0.16355 
2 0.07062 0.02508 0.06839 0.0028 0.06951 8.72E-05 0.07181 0.03085 
3 0.12777 0.01942 0.12556 0.00306 0.12666 0.00115 0.12887 0.04441 
4 0.18455 0.01917 0.18237 0.00412 0.18346 0.000534 0.18565 0.04482 
5 0.24107 0.02317 0.23889 0.00369 0.23998 0.00205 0.24216 0.05556 
6 0.29738 0.019 0.29513 0.00678 0.29622 0.00105 0.29846 0.09287 
7 0.35347 0.02808 0.35129 0.00722 0.35238 0.000847 0.35456 0.07221 
8 0.40968 0.03634 0.40751 0.01469 0.40859 0.0004 0.41077 0.07147 
9 0.46569 0.04692 0.46352 0.03111 0.46461 0.00118 0.46678 0.08234 
10 0.52188 0.44022 0.51962 0.30585 0.52079 0.00189 0.52297 1.07557 
11 0.5824 8.98467 0.57965 6.85133 0.58103 0.03761 0.58377 22.0851 
12 0.6637 19.943 0.6602 15.6319 0.66195 0.15512 0.66545 42.8242 
13 0.75693 23.9513 0.75321 18.5838 0.75507 0.2311 0.75892 48.4975 
14 0.85422 25.1768 0.85041 19.8931 0.85231 0.40416 0.85612 50.6916 
15 0.95293 26.0268 0.94908 20.0334 0.95101 0.85459 0.95485 50.8399 
16 1.05232 26.4027 1.04846 19.9083 1.05039 1.6396 1.05425 51.25 
17 1.15211 26.4196 1.14811 19.1418 1.15005 2.96758 1.15404 50.9183 
18 1.2519 26.3152 1.24803 17.7766 1.24996 5.26529 1.25383 49.8867 
19 1.35169 25.9548 1.34782 15.4178 1.34976 8.51716 1.35362 49.6975 
20 1.45147 24.8081 1.44761 12.2465 1.44954 12.6332 1.4534 49.8124 
21 1.55126 22.8562 1.54727 9.25055 1.54933 16.2433 1.55319 50.8183 
22 1.65036 19.1849 1.64656 6.6734 1.64846 17.7171 1.65226 53.8806 
23 1.74669 20.1643 1.74307 4.62005 1.74488 15.4474 1.74851 50.6566 
24 1.83664 17.1863 1.83335 3.00444 1.835 11.7313 1.8384 45.682 
25 1.91553 11.5301 1.9128 1.7652 1.91416 7.40742 1.91689 35.74 
26 1.97743 5.43712 1.97542 0.64336 1.97643 3.17275 1.97844 18.4429 
27 2.02245 0.7329 2.02098 9.65E-05 2.02172 0.07429 2.02319 4.79237 
28 2.05821 0.000165 2.05681 9.88E-05 2.05748 0.000121 2.05888 0.00164 
29 2.09312 0.000162 2.09177 9.62E-05 2.09244 0.000118 2.0938 0.0016 
30 2.12804 0.000161 2.12668 9.49E-05 2.12736 0.000117 2.12872 0.0016 
31 2.16297 0.000159 2.16162 9.42E-05 2.1623 0.000116 2.16365 0.00158 
32 2.1982 0.000159 2.19677 9.45E-05 2.19751 0.000116 2.19889 0.00158 
33 2.23505 0.000161 2.23353 9.52E-05 2.23429 0.000118 2.23581 0.00161 
34 2.27767 0.000165 2.27581 9.76E-05 2.27674 0.000121 2.2786 0.00165 
35 2.33098 0.000195 2.3287 0.000115 2.32984 0.000142 2.33219 0.00195 
36 2.39198 0.000412 2.38964 0.000224 2.39081 0.000288 2.39314 0.00429 
37 2.45047 0.00382 2.44829 0.00222 2.44938 0.00277 2.45155 0.03843 
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38 2.50426 0.00577 2.50233 0.00335 2.5033 0.00417 2.50523 0.05809 
39 2.55267 0.00699 2.55092 0.00407 2.55177 0.00506 2.55352 0.07013 
40 2.59873 0.00843 2.59694 0.00514 2.59783 0.00625 2.59962 0.08274 
41 2.64393 0.00908 2.64211 0.00534 2.64302 0.00661 2.64484 0.09077 
42 2.68972 0.009 2.68797 0.00531 2.68885 0.00656 2.6906 0.08975 
43 2.73585 0.01085 2.7341 0.00655 2.735 0.008 2.7367 0.10698 
44 2.77945 0.01104 2.77763 0.0066 2.77854 0.00811 2.78037 0.10938 
45 2.82488 0.01068 2.82324 0.0062 2.82406 0.00773 2.8257 0.10746 
46 2.86851 0.01128 2.86677 0.00663 2.86764 0.00822 2.86944 0.11277 
47 2.91356 0.01162 2.91181 0.00671 2.91269 0.00838 2.91443 0.11709 
48 2.95731 0.01134 2.95566 0.00674 2.95648 0.0083 2.95813 0.11267 




Table A.4. Summary the Cu, In, Ga and Se concentration in at.% in the completed CIGS 
solar cell deposited on SLG/SiN/Mo substrate. D is the distance from the front surface of 


















1 0.00569 0.01765 0.00187 0.02009 0.00378 0.00354 0.00773 0.05814 
2 0.07045 0.02955 0.06821 0.0059 0.06933 0.000831 0.07157 0.05246 
3 0.1279 0.02066 0.12568 0.00428 0.12679 9.5E-05 0.12901 0.05776 
4 0.18491 0.02691 0.18271 0.00621 0.18381 0.000536 0.18601 0.03729 
5 0.24158 0.02243 0.23931 0.00563 0.24041 0.000679 0.24268 0.05703 
6 0.29797 0.02598 0.29579 0.00805 0.29688 0.00133 0.29907 0.06938 
7 0.35426 0.02961 0.35209 0.01341 0.35317 0.000593 0.35534 0.03333 
8 0.41027 0.03549 0.4081 0.0183 0.40919 0.00211 0.41135 0.07047 
9 0.46625 0.18178 0.46401 0.12449 0.46516 0.00302 0.46733 0.35572 
10 0.52295 1.96233 0.52068 1.47342 0.52181 0.00898 0.52408 4.38913 
11 0.58681 10.5876 0.584 8.21604 0.58541 0.0619 0.58821 21.8348 
12 0.66523 18.1848 0.66195 14.005 0.66359 0.17677 0.66697 35.6429 
13 0.75296 22.2232 0.74944 17.4553 0.7512 0.36945 0.75472 41.9211 
14 0.84566 24.5973 0.842 19.0474 0.84383 0.61451 0.84749 46.2328 
15 0.94126 25.7606 0.93752 19.4625 0.93939 1.10559 0.94314 48.7187 
16 1.03858 26.8295 1.03467 19.8802 1.03656 1.86989 1.04048 48.9767 
17 1.13655 26.912 1.13274 19.5004 1.13465 2.97477 1.13845 49.5267 
18 1.23487 27.4804 1.23105 18.4738 1.23296 4.68467 1.23678 48.3787 
19 1.33334 26.9604 1.32952 16.8128 1.33143 7.21462 1.33525 48.3183 
20 1.43199 26.6699 1.42804 14.3587 1.43008 10.4347 1.43389 48.0657 
21 1.53044 25.9779 1.52662 11.4206 1.52853 13.7712 1.53234 48.0976 
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22 1.6286 24.2982 1.62481 8.88458 1.6267 16.4832 1.63049 48.7682 
23 1.72509 20.5478 1.72143 6.79989 1.72326 17.7789 1.72704 49.0835 
24 1.8166 15.7689 1.81324 5.01586 1.81492 16.6149 1.81828 45.1322 
25 1.89782 12.4387 1.89495 3.4783 1.89638 13.32 1.89925 33.7755 
26 1.96419 7.05576 1.96199 1.91009 1.96309 8.46347 1.96529 19.5532 
27 2.01401 2.23276 2.01232 0.72954 2.01314 3.58676 2.01482 6.32085 
28 2.05151 0.000174 2.05017 0.00529 2.05084 0.49246 2.05218 0.00173 
29 2.08596 0.000172 2.08463 0.000102 2.08529 0.000126 2.08663 0.00171 
30 2.12041 0.00017 2.11907 0.000101 2.11974 0.000125 2.12108 0.00169 
31 2.15493 0.00017 2.15355 0.000101 2.15426 0.000125 2.1556 0.0017 
32 2.18969 0.000168 2.18831 0.0001 2.189 0.000123 2.19037 0.00167 
33 2.22719 0.00017 2.22559 0.000101 2.22639 0.000125 2.22799 0.00169 
34 2.27258 0.000171 2.27063 0.000101 2.2716 0.000125 2.27362 0.00171 
35 2.32613 0.000225 2.32396 0.000131 2.32504 0.000163 2.32722 0.00226 
36 2.38244 0.000374 2.38027 0.000218 2.38136 0.000271 2.38352 0.00376 
37 2.43658 0.000517 2.43453 0.000302 2.43556 0.000376 2.43761 0.00519 
38 2.48724 0.000623 2.48526 0.000367 2.48622 0.000454 2.4882 0.00623 
39 2.53587 0.000697 2.53403 0.000411 2.53495 0.000508 2.53679 0.00694 
40 2.58315 0.000757 2.58132 0.000451 2.58224 0.000555 2.58406 0.00751 
41 2.63003 0.000821 2.62823 0.000486 2.62913 0.0006 2.63093 0.00817 
42 2.67651 0.000874 2.67465 0.000517 2.67561 0.000638 2.67741 0.00871 
43 2.72253 0.000921 2.72075 0.000547 2.72164 0.000674 2.72342 0.00916 
44 2.76864 0.000949 2.76685 0.000564 2.76775 0.000695 2.76953 0.00943 
45 2.81446 0.000982 2.8127 0.000584 2.81358 0.000719 2.81539 0.00975 
46 2.86003 0.00103 2.85829 0.000607 2.85916 0.00075 2.86091 0.01023 
47 2.90546 0.00106 2.90366 0.000633 2.90456 0.000777 2.90635 0.01051 
48 2.95101 0.00107 2.94929 0.000629 2.95015 0.000779 2.95188 0.01069 





Appendix B: Atomic concentrations of the various elements present in the 
CIGS solar cell measured by SEM/EDX 
 



















1 0.04 8.38 1.49 3.63 0.00 2.34 84.16 100 
2 0.14 7.57 3.75 3.36 1.81 2.03 81.47 100 
3 0.25 3.52 5.56 3.83 2.59 4.33 80.17 100 
4 0.35 3.42 10.63 3.84 2.58 4.51 75.02 100 
5 0.45 2.56 15.92 5.80 4.65 5.54 65.52 100 
6 0.56 3.64 24.66 9.21 5.68 9.98 46.83 100 
7 0.66 2.70 41.33 6.26 10.91 22.06 16.74 100 
8 0.76 1.90 43.12 4.07 15.21 24.09 11.60 100 
9 0.86 3.33 43.87 3.26 17.73 23.10 8.70 100 
10 0.97 3.16 43.78 2.53 18.46 24.10 7.98 100 
11 1.07 2.45 44.52 2.56 20.18 24.06 6.24 100 
12 1.17 3.70 45.58 2.53 19.48 22.79 5.92 100 
13 1.28 5.17 46.07 3.22 18.87 21.80 4.86 100 
14 1.38 6.54 44.80 4.50 17.05 21.77 5.34 100 
15 1.48 8.07 44.77 6.03 15.34 21.42 4.37 100 
16 1.59 10.00 46.02 7.75 10.61 20.61 5.01 100 
17 1.69 11.88 43.58 12.53 8.78 18.68 4.55 100 
18 1.79 11.34 38.44 21.48 7.69 15.91 5.14 100 
19 1.90 7.96 35.78 35.83 7.11 10.52 2.80 100 
20 2.00 4.00 25.08 57.52 4.07 7.07 2.26 100 
21 2.10 3.51 11.17 74.73 1.78 5.26 3.55 100 
22 2.21 2.03 5.52 84.15 2.07 2.44 3.79 100 
23 2.31 1.12 4.35 89.40 0.00 0.00 5.13 100 
24 2.41 3.78 5.81 73.46 1.16 2.63 13.16 100 




























1 0.04 8.33 0.00 2.77 0.96 0.00 0.00 87.94 100 
2 0.15 7.42 1.68 2.25 1.58 0.00 2.42 84.65 100 
3 0.25 6.30 5.40 2.89 2.45 0.00 2.96 80.00 100 
4 0.36 2.71 11.38 4.15 4.01 0.00 5.08 72.67 100 
5 0.47 2.40 20.00 6.73 5.63 0.00 7.87 57.37 100 
6 0.57 1.82 32.42 7.04 9.77 0.00 15.45 33.51 100 
7 0.68 1.09 40.17 5.34 13.09 0.00 21.20 19.12 100 
8 0.79 2.22 43.30 3.59 16.38 0.00 25.07 9.43 100 
9 0.89 2.29 45.34 2.83 17.04 0.00 26.42 6.08 100 
10 1.00 2.24 46.12 2.54 18.06 0.00 27.17 3.87 100 
11 1.10 3.22 45.64 3.73 17.29 0.00 27.22 2.91 100 
12 1.21 4.42 46.07 3.81 16.57 0.00 26.93 2.19 100 
13 1.32 5.23 46.08 5.44 16.11 0.00 25.56 1.57 100 
14 1.42 7.19 46.41 5.85 14.08 0.00 24.28 2.20 100 
15 1.53 9.12 44.43 8.81 12.96 0.00 22.75 1.93 100 
16 1.64 12.45 43.22 12.23 9.53 0.00 20.95 1.61 100 
17 1.74 13.95 40.22 17.10 6.50 0.00 20.17 2.06 100 
18 1.85 13.98 36.60 23.64 5.60 0.00 19.12 1.05 100 
19 1.96 9.30 31.85 38.41 4.30 0.00 13.94 2.20 100 
20 2.06 3.07 14.14 71.92 1.27 0.00 7.38 2.23 100 
21 2.17 1.31 7.45 85.92 0.95 0.00 2.97 1.39 100 
22 2.28 0.71 3.37 90.60 0.00 1.63 1.91 1.78 100 
23 2.38 0.78 1.53 85.41 0.00 7.86 2.23 2.18 100 
24 2.49 0.00 1.23 59.96 0.00 36.85 0.00 1.96 100 





























1 0.04 8.41 0.94 1.89 1.07 0.00 2.63 85.06 100 
2 0.16 5.44 3.21 2.29 1.84 0.00 3.18 84.03 100 
3 0.27 3.99 8.26 2.97 2.88 0.00 2.90 79.01 100 
4 0.38 2.87 22.21 5.51 6.25 0.00 11.79 51.37 100 
5 0.50 2.25 41.52 4.57 14.19 0.00 26.70 10.77 100 
6 0.61 2.08 44.39 4.18 17.68 0.00 27.44 4.24 100 
7 0.73 1.91 45.48 3.69 19.62 0.00 26.33 2.96 100 
8 0.84 2.98 45.87 3.61 19.91 0.00 25.74 1.89 100 
9 0.95 3.88 46.03 3.31 20.04 0.00 24.45 2.30 100 
10 1.07 6.31 45.19 3.68 17.84 0.00 25.22 1.78 100 
11 1.18 7.79 45.27 4.34 17.30 0.00 23.88 1.43 100 
12 1.30 9.61 44.63 6.09 14.74 0.00 22.94 1.99 100 
13 1.41 12.70 42.89 8.72 10.36 0.00 23.93 1.41 100 
14 1.52 14.52 40.52 12.96 8.17 0.00 22.14 1.70 100 
15 1.64 16.20 36.16 19.65 6.64 0.00 19.49 1.86 100 
16 1.75 17.26 30.60 31.12 4.47 0.00 14.79 1.76 100 
17 1.87 8.20 17.52 62.43 1.28 0.00 7.51 3.06 100 
18 1.98 3.40 6.56 84.34 0.00 0.00 2.58 3.12 100 
19 2.09 1.17 3.48 91.11 0.71 0.00 0.86 2.66 100 
20 2.21 1.32 0.87 93.40 0.43 0.00 0.82 3.15 100 
21 2.32 0.62 0.78 95.68 0.00 0.00 0.00 2.92 100 
22 2.44 0.97 0.00 91.38 0.00 2.60 0.00 5.05 100 
23 2.55 0.74 1.10 73.82 0.00 14.92 0.00 9.42 100 
24 2.66 3.99 5.73 60.09 0.00 4.33 3.71 22.15 100 


























1 0.04 0.00 0.64 88.45 0.00 0.00 10.91 100 
2 0.13 0.00 1.25 93.04 0.00 0.00 5.70 100 
3 0.23 0.00 1.50 94.00 0.89 0.00 3.61 100 
4 0.32 0.71 2.40 93.39 0.00 0.00 3.50 100 
5 0.42 1.12 4.80 86.64 0.00 1.84 5.60 100 
6 0.51 5.37 21.74 46.68 4.49 10.37 11.35 100 
7 0.61 10.37 33.83 30.87 6.30 17.40 1.22 100 
8 0.70 12.00 36.80 22.23 7.96 19.91 1.11 100 
9 0.80 12.06 39.02 17.78 9.07 20.97 1.10 100 
10 0.89 9.70 41.27 15.77 11.16 22.09 0.00 100 
11 0.99 8.45 42.55 12.03 13.22 22.13 1.63 100 
12 1.08 6.74 42.62 10.16 15.30 22.42 2.75 100 
13 1.17 5.37 42.91 8.69 15.71 24.19 3.13 100 
14 1.27 4.49 42.44 6.73 16.30 23.49 6.55 100 
15 1.36 3.73 41.23 6.73 16.71 23.68 7.93 100 
16 1.46 3.10 39.91 6.64 16.63 22.24 11.47 100 
17 1.55 1.89 37.36 6.44 15.37 21.07 17.87 100 
18 1.65 2.06 34.99 5.95 13.96 19.07 23.98 100 
19 1.74 2.47 29.18 7.09 10.26 15.28 35.72 100 
20 1.84 3.08 19.65 7.66 6.51 8.61 54.49 100 
21 1.93 2.92 12.56 4.96 4.18 5.56 69.82 100 
22 2.03 6.23 6.84 4.63 3.66 3.38 75.26 100 
23 2.12 5.49 3.42 3.68 2.20 2.47 82.73 100 
24 2.22 7.36 0.00 3.07 1.97 2.09 85.51 100 
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